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ABSTRACT 
Canola meal was used as an adsorbent in a pressure swing adsorption (PSA) apparatus for 
ethanol dehydration. The experiments were conducted at different pressures, temperatures, vapor 
superficial velocities, vapor concentrations and particle sizes. Adsorption experiments were 
performed at equilibrium and breakthrough points. The results demonstrated that canola meal 
can break the azeotropic point 95.6 wt% and produce over 99 wt% ethanol. At elevated 
temperature, feed water concentration, and vapor superficial velocity, it was found that the mass 
transfer rate increased. In addition, the mass transfer rate decreases when either the total pressure 
or the size of the adsorbent particles are increased. Breakthrough curves were simulated and the 
overall mass transfer resistance was evaluated at all experimental runs. The internal mass transfer 
resistance was identified as the relevant mass transfer mechanism.    
For canola meal, the equilibrium water/ethanol uptake was achieved at 100, 105, and 
110˚C. The Frenkel-Halsey-Hill (FHH) and Guggenheim-Andrson-de-Boer (GAB) models 
perfectly simulated the water adsorption isotherms. By applying Dubinin-Polanyi model to the 
experimental data, canola meal was identified as a large pore (non-porous) material. 
 The heat of adsorption on canola meal with particle size of 0.43-1.18 mm was 
determined to be -32.11 kJ/mol. The result confirms that the adsorption process is an exothermic 
phenomenon and is of physical type due to the fact that the value obtained as the heat of 
adsorption is negative and its magnitude is within the range 20–80 kJ/mol. The equilibrium water 
uptake on canola meal was similar to that reported for other starchy and cellulosic adsorbents, 
while the ethanol uptake was higher. 
Water saturated canola meal was successfully regenerated by passing nitrogen at 110˚C 
which is lower than that for molecular sieves commonly used in industry for bioethanol 
dehydration. The canola meal bio-adsorbent was re-used for more than 32 cycles and no 
significant change in adsorption capacity was observed. 
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1 INTRODUCTION 
The present energy and environmental problems caused by fossil fuels have brought 
attention to renewable alternatives such as biofuels. Ethanol is a biofuel which has high energy 
values and can be produced from renewable resources such as starch feedstocks, sugar 
feedstocks, lignocellulosic feedstocks and agriculture residues (Kumar et al., 2010). Currently, 
ethanol is added to gasoline as a substitute for methyl tert-butly ether (MTBE) to increase the 
gasoline’s octane number and combustibility (Han et al., 2009). MTBE is an organic compound 
which is considered as a potential human carcinogen at high doses. The presence of MTBE in 
groundwater has led to using ethanol as the replacement in gasoline. The usage of ethanol not 
only improves the combustibility of gasoline but also lowers carbon monoxide levels in the 
exhaust (Frolkova and Raeva 2010). In addition, the usage of ethanol fuel helps the current 
global warming issue by reducing the net emissions of carbon dioxide in the atmosphere. This is 
because the amount of carbon dioxide released during the production and combustion of ethanol 
fuel is the same as the one bound into the replanted biomass (Kupiec et al., 2008). Another 
advantage of using ethanol in gasoline is that no anti-freeze is required in the hydrocarbon based 
fuel containing at least 10 wt% ethanol (Frolkova and Raeva 2010). 
Through many studies, bioethanol based fuel has been reported as a promising alternative 
to hydrocarbon-based fuels (Kumar et al., 2010). The major concern of blending ethanol with 
hydrocarbon-based fuels is a completely dry ethanol (99.5% by weight) requirement in order to 
avoid phase separation (Frolkova and Raeva 2010; Vareli et al., 1998). Bioethanol can be 
derived from a large number of feed stocks such as sugar, starch, and cellulosic materials by 
fermentation process, which results in a broth with an ethanol concentration of 6-12 %, by 
weight (Benson and George 2005; Vareli et al., 1998). This fermented broth can be separated by 
a conventional distillation process to produce ethanol with a maximum ethanol concentration of 
95.5 wt% due to the formation of an azeotropic mixture at this point (Simo et al., 2009; Vareli et 
al., 1998). Therefore, other alternative methods must be applied to break the azeotropic point and 
produce anhydrous ethanol (99.5 wt% EtOH) such as azeotropic distillation, vacuum distillation, 
extractive distillation, chemical dehydration, membrane, and adsorption processes (Kumar et al., 
2010; Chang et al., 2006b; Ladisch and Dyck 1979). Among these technologies, azeotropic 
distillation with benzene and extractive distillation with ethylene glycol and potassium acetate 
(distillation with salt) are mostly applied to break the azeotropic point of ethanol-water mixture 
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in ethanol plants but the energy consumption for all these methods is significant because they 
require another distillation process for the recovery of the solvent (Hu and Xie 2001). The 
azeotropic distillation technology was replaced by the adsorption process using zeolite in the late 
1980s due to the lower energy consumption of the new method which in addition gives a very 
dry product (Simo et al., 2009; Tindall and Natarajan 1987).  
Pressure swing adsorption process is known as a common technology in purification and 
bulk separation of gases (Arumugam et al., 1999). In the pressure swing adsorption (PSA) cycle, 
adsorption is performed at an elevated pressure, while desorption takes place at near-ambient 
pressure. Among the above mentioned methods used to produce anhydrous ethanol, pressure 
swing adsorption process (PSA) has been found to be much more efficient in terms of energy 
consumption (Simo et al., 2008). Although the PSA process is a reasonable method to produce 
fuel grade ethanol, there is still a need to search for a suitable substance as the adsorbent. 
Currently, the pressure swing process using 3A molecular sieve or corn grits as the adsorbent is 
widely employed in the ethanol industry for ethanol dehydration (Beery and Ladisch 2001). It 
has been reported that the usage of biomass derived adsorbents is more beneficial compared to 
other types of adsorbents regarding the energy demand (Boonfung and Rattanaphanee 2010). For 
example, the energy requirement for the dehydration of ethanol with CaO was reported to be 
3669 kJ/kg EtOH, while the energy consumed by the adsorption with cellulose was 2873 kJ/kg 
EtOH (Ladisch and Dyck 1979). In addition, bio-adsorbents require moderate temperature of 
only 90-110˚C at desorption stage while zeolite requires 190-210˚C.  
Bio-adsorbents are environment friendly materials (Boonfung and Rattanaphanee 2010). 
Furthermore, bio-adsorbents can be reused as a fermentation feedstock to produce either ethanol 
or biogas when they are exhausted. Bio-based adsorbents are cheaper than zeolites which are the 
most commonly industrial adsorbents.  
Bio-adsorbents that have been extensively studied for ethanol dehydration purposes, 
include cassava (Boonfung and Rattanaphanee 2010; Liu et al., 2010; Quintero and Cardona 
2009), cornmeal (Chang et al., 2006b; Hu and Xie 2001; Vareli et al., 1998), wood chips 
(Boonfung and Rattanaphanee 2010; Benson and George 2005) natural corncobs, natural and 
activated palm stone and oak (Al-Asheh et al., 2004). However, other bio-based adsorbent such 
as canola meal have not been systematically investigated for this purpose. After the oil extraction 
of canola/rapeseed, what remains is referred to as canola meal which is highly rich in protein 
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even up to 50% on a dry basis (Aider and Barbana 2011). Canola meal in Canada, and especially 
in Saskatchewan, is accessible in abundance. In addition, canola meal has been proven to have 
high water adsorption capacity, which makes it a good option to be employed in adsorption 
processes for ethanol dehydration and this is of interest of this research.  
As mentioned earlier, some research has been done on using bio based adsorbents for 
ethanol dehydration with the pressure swing adsorption process, which is a common process 
used in industry for ethanol dehydration. However, systematic investigation on ethanol 
dehydration using canola meal based adsorbent in a pressure swing adsorption process has not 
been done. In addition, no study has been conducted regarding the mechanisms of water/ethanol 
adsorption on canola meal. Therefore, there is a knowledge gap in applying canola meal in PSA 
process as the adsorbent for the dehydration of ethanol. 
Based on the knowledge gap the overall objective of this research is to develop a pressure 
swing adsorption process (PSA) using canola meal as the adsorbent to adsorb water from 
ethanol-water vapor mixture and produce fuel grade ethanol, and to investigate the dynamics, 
equilibrium and mechanisms of the adsorption process. The specific objectives of this M.Sc. 
thesis are listed as follows:  
 To characterize canola meal in terms of composition, the functional groups, particle size 
distribution, and devolatilization behavior with temperature. 
 To investigate the dynamics of ethanol dehydration by canola meal in a Pressure Swing 
Adsorption (PSA) process at different pressures, temperatures, vapor superficial 
velocities and feed concentrations as well as bio-adsorbent particle sizes. 
 To analyze the adsorption capacity of water/ethanol on canola meal in a PSA process. 
 To determine the equilibrium uptake of water/ ethanol on the bio-adsorbent as well as 
the isotherms of water adsorption on canola meal. 
 To simulate the water breakthrough profiles and evaluate the mechanism of the 
adsorption. 
 To evaluate the regeneration process and stability of canola meal as an adsorbent.
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2 LITERATURE REVIEW  
2.1 Overview of the Ethanol Separation and Purification Processes 
Anhydrous ethanol is known as absolute ethanol which is clear, colorless and it contains 
at least 99.5% ethanol by volume at 15.6˚C. In general, the conversion of biomass into 
anhydrous ethanol through fermentation involves 3 steps: first, the biomass is converted into a 
fermentable form of sugar, next the sugars are fermented using yeast and bacteria to produce 
ethanol yielding a broth with 10-12% ethanol by weight and finally anhydrous ethanol is 
produced by separation and purification of the fermentation product (Kumar et al., 2010).   
There are various processes used for producing anhydrous ethanol, most of which contain 
distillation. In general, the fermentation broth is distilled by the conventional distillation tower to 
concentrate ethanol up to 75-95 wt% which then is further purified by a different number of 
processes to remove the remaining water and produce anhydrous ethanol. These processes are 
listed as follows: 1) Azeotropic distillation process, 2) Vacuum distillation process, 3) Chemical 
dehydration process, 4) Extractive distillation process and 5) Adsorption process. 
2.1.1 Azeotropic Distillation Process 
In azeotropic distillation, a third chemical component (such as benzene, n-pentane, 
hexane, cyclohexane, n-heptane, isooctane, or acetone) is added to the water-ethanol mixture to 
alter the distillation equilibrium and form homogeneous azeotropes with the initial components 
(water and ethanol). This leads to a change in the value of the activity coefficient of the 
components in the mixture and therefore the relative volatility of the components is altered 
(Frolkova and Raeva 2010). To produce pure ethanol through this method, a lot of energy is 
required in terms of maintaining and recirculating a large quantity of the additional (third) 
component (Kumar et al., 2010; Gomis et al., 2005).  
2.1.2 Vacuum Distillation Process     
In the vacuum distillation process, pressure is reduced to increase the concentration of 
ethanol in the ethanol-water azeotrope since the concentration of ethanol in the azeotropic 
mixture changes with pressure (Black and Distler 1972). This prevents ethanol and water from 
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forming an azeotrope; thus, the components can be easily separated by distillation (Kumar et al., 
2010). This process requires two distillation columns. Ethanol is concentrated in the first column 
at moderate pressure to the near azeotropic composition and then, the near-azeotropic mixture is 
further dehydrated in the second column at low pressure (below 11.5 kPa) (Kumar et al., 2010). 
This method requires a condensation temperature of 24.5˚C at 9.3 kPa which is considered as the 
drawback of this method (Kumar et al., 2010).  
2.1.3 Chemical Dehydration Process     
The chemical dehydration process is the oldest method of anhydrous ethanol production. 
It is based on exposing either ethanol liquors or ethanol vapors to hygroscopic substances such as 
calcium chloride, potassium carbonate or quicklime (Pleeth 1949). In this method, water is 
removed from the water-ethanol mixture by a chemical reaction in which water reacts with 
hygroscopic substances and forms an insoluble substance in ethanol (Kumar et al., 2010). Then, 
filtration is used to separate the ethanol from the suspended particles. 
2.1.4 Extractive Distillation Process     
Extractive distillation method includes extractive distillation with liquid solvent or 
soluble salt (Kumar et al., 2010). In the first approach, a non-volatile liquid solvent is used to 
alter the volatility of the feed components on the trays of a distillation column so that the 
volatility of one component is altered much more than the other component. There are several 
liquid solvents such as ethylene glycol, diethyl ether, and toluene that enhance the volatility of 
ethanol more than water. In both cases, the component with higher volatility shows up at the top 
as the product stream. In extractive distillation with soluble salt, a soluble salt is fed into the 
distillation column at the top tray. On each tray salt is dissolved into the ethanol-water mixture to 
form liquid phase associations or complexes with the less volatile component of the solution. 
This in turn increases the relative volatility of the more volatile component of the solution. There 
are several salts which are used for extractive distillation of ethanol-water system such as 
calcium and chlorides, sodium and potassium iodides (Frolkova and Raeva 2010; Kumar et al., 
2010).  
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2.1.5 Adsorption Process     
In this process, which is currently used in industry, the distilled 90-95 wt% ethanol vapor 
is passed through an adsorption column to remove the remaining water and produce anhydrous 
ethanol. This method is often preferred as compared to the aforementioned techniques since it 
has lower energy demands. It has been reported that 50-80% of the overall energy used in a 
typical ethanol plant is consumed by distillation processes (Vareli et al., 1997; Ghose and Tyagi 
1979). Ladish and Dyck proposed an alternative approach; first the fermentation broth is distilled 
up to 75-90 wt% EtOH, and then the remaining water is removed by the adsorption process 
(Ladisch and Dyck 1979). The energy consumption of this combined process was reported to be 
about 3.9 MJ/kg which is considerably less than the method involving only distillation processes 
(6-9 MJ/kg) (Vareli et al., 1997).   
Adsorption is referred to as the diffusion of molecules in liquid or gas to the surface of a 
solid, where they form chemical bonds with the surface (chemical adsorption) or are held on the 
surface of a solid through weak intermolecular forces (physical adsorption) (Seader and Henley 
1998). The adsorbed molecules on the surface of a solid are known as the adsorbate and the solid 
substance is referred to as the adsorbent (Seader and Henley 1998). The adsorption process has 
been developed for producing anhydrous ethanol, in which adsorbents act similarly to molecular 
sieves that selectively adsorb water molecules and yield anhydrous ethanol.  
In general, there is a need to regenerate the adsorbents (desorption step) after the 
adsorption process is accomplished and the adsorbents are saturated. The regeneration process is 
performed by either increasing temperature or decreasing pressure during desorption cycles; the 
former method is called temperature swing adsorption (TSA), the latter is pressure swing 
adsorption (PSA) (Huang et al., 2008; Ribeiro et al., 2008; Hu and Xie 2001). In thermal swing 
adsorption cycles, the bed is heated to desorb the adsorbed species after which the bed is cooled 
to be prepared for the next adsorption cycle. A typical cycle time for TSA is between several 
hours to several days since heating and cooling of the bed take time while, the cycle time for 
PSA is between several seconds to several minutes (Seader and Henley 1998). Ruthven (1984) 
reported that TSA process is suitable for the regeneration of strongly adsorbed species but PSA 
process is generally used for the regeneration of weakly adsorbed species. As a result, PSA is 
popularly used in industry for ethanol dehydration. 
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2.2 Pressure Swing Adsorption for Ethanol Dehydration 
In this method, desorption is accomplished by reducing pressure while the temperature is 
kept constant and then the bed or adsorption column is purged at low pressure. This method is 
mainly applied for gaseous systems (Ruthven 1984). The pressure swing adsorption process has 
advantages over the other methods of regenerations in that it lowers the adsorbent inventory and 
the capital cost, subsequently (Ruthven 1984). 
Several research projects have been conducted using molecular sieves zeolites (Jeong et 
al., 2009; Pruksathorn and Vitidsant 2009; Simo et al., 2009; Carmo and Gubulin 2002) and bio-
based adsorbents (Boonfung and Rattanaphanee 2010; Beery et al., 1998) in PSA processes to 
dehydrate ethanol. For example, Simo and his co-workers (Simo et al., 2009) investigated the 
adsorption/desorption of water and ethanol on 3A zeolite in PSA process in near adiabatic fixed 
bed. The simplified process flow diagram was used for the experiments presented in Figure 2.1. 
 
 
Figure 2.1 Experimental setup diagram used in water/ethanol adsorption in zeolites (Simo et al., 
2009) with permission. 
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As it can be seen from Figure 2.1, water and ethanol is mixed with nitrogen gas (carrier 
gas) in the CEM (control-evaporation-mixing) unit, which is a vapor generating system. Then, 
the temperature of the produced vapor can be further adjusted using Super Heater-1 and Super 
Heater-2. After that, the vapor enters into the adsorption column from the top. The column was 
equipped with six band heaters to ensure constant axial temperature profile. To keep the column 
under adiabatic conditions, the adsorption column was insulated with a thick layer of ceramic 
insulation. In addition, all lines were insulated to avoid any vapor condensation. One back 
pressure regulator was placed at the end of the setup to provide the isobaric condition in the 
system. The composition of the components in the effluent was determined using online gas 
chromatographic method. After the adsorption step was accomplished the bed was saturated and 
regenerated before the next adsorption cycle. The desorption step occurred under the following 
conditions: temperature in the range of 220-240˚C, absolute pressure of 6-10 kPa and nitrogen 
purge of 200 cm
3
/min. Simo and his co-workers investigated the effects of operating conditions 
such as the water concentration, temperature (100-200˚C), pressure (200-670 kPa), pellet size 
(3.6 and 1.8 mm), and carrier gas flow rate on the adsorption/desorption of water and ethanol on 
zeolite. Further, the equilibrium data was obtained through breakthrough runs and the water 
breakthrough curves were simulated using a mathematical model to obtain the overall mass 
transfer coefficient (Simo et al., 2009).  
In the PSA process, operational parameters such as temperature, pressure, feed 
concentration, vapor superficial velocity and the size of adsorbent particles play an important 
role for the adsorption performance. They are discussed as follows.  
2.2.1 Effect of Temperature 
Temperature is known as an important parameter in the ethanol dehydration process 
because at higher temperature the vibrational energy of the adsorbate increases resulting in less 
adsorbtion at equilibrium (Okewale et al., 2011). However, the diffusion rate of the adsorbate 
within the solid increases when the temperature is increased, resulting in an increase of the 
adsorption rate (Sowerby and Crittenden 1988).   
  Chang et al., (2006b) investigated the adsorption capacity of water and ethanol on corn 
meal at temperatures of 82, 87, 91, and 94˚C and vapor feed concentration of 93.8 wt% EtOH. 
They reported that the separation factor for water increased while the adsorbed masses of water 
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and ethanol decreased when the temperature was increased. Further, the adoption favored ethanol 
as the temperature of the bed was decreased.   
The effect of temperature on bed performance and the adsorption/desorption kinetics was 
studied by Simo et al., (2009). They used temperatures of 100, 146, 167, and 200˚C to study the 
adsorption of water on zeolite. They concluded that the water breakthrough curves had a strong 
dependence on temperature, thus the breakthrough time decreased with an increase in 
temperature which is due to the decrease in the bed capacity. The observation of the strong 
temperature dependency of water breakthrough curves confirmed the presence of the activated 
micropore diffusion mechanisms. Further, at lower temperatures, the adsorption capacity of 
zeolite for water increased; the isotherm became more unfavorable and desorption profile 
became more dispersed. 
Pruksathorn and Vitidsant (2009) investigated the effect of temperature in an ethanol-
water adsorption system at 100 and 120˚C and feed concentration of 90 wt% EtOH. They found 
that lower initial temperature led to higher breakthrough time and water adsorption capacity. 
They concluded that this phenomenon is due to the exothermic nature of adsorption processes 
which performs better at lower temperature. 
2.2.2 Effect of Vapor Feed Concentration 
Vapor feed concentration affects partial pressure of the species of interest in the vapor 
feed stream. Simo et al., (2009) studied the effect of water partial pressure in the feed stream at 
167˚C on adsorption/desorption kinetics. As the water partial pressure was increased, the slope 
of water breakthrough curves increased and the bed saturated faster. Further, the water 
equilibrium uptake increased with the increasing water content in the feed stream. They also 
reported that the favorable isotherm affected the kinetic parameters which resulted in sharper 
water breakthrough profiles with an increase in partial pressure of water in the feed stream. 
In the work carried out by Pruksathorn and Vitidsant (2009), breakthrough time 
decreased as the ethanol feed concentration was reduced. Sowerby and Crittenden (1988) 
explained that the reason for this observation was that the adsorbent was subjected to more 
adsorbate per unit time. 
Wang et al., (2010) studied the effect of feed concentration on separation of 
ethanol/water azeotrope using compound starch-based adsorbents. They found that as the feed 
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concentration was increased from 82.1 to 92.5 wt% EtOH, the concentration of ethanol in the 
product significantly increased and the curve plateau length became longer. 
2.2.3 Effect of Vapor Superficial Velocity 
Vapor superficial velocity is another important parameter affecting the adsorption 
process. The external mass transfer resistance becomes greater as the flow rate is decreased. In 
the work of Baylak and his colleagues (Baylak et al., 2012), the slope of water breakthrough 
curves increased greatly when vapor superficial velocity was increased from 0.6 to 1.3 cm/s. 
Afterwards, a slight increase was observed when the velocity was further increased up to 2.1 
cm/s. These results support the conclusion made by Simo et al., (2009) that film mass transfer 
resistance becomes insignificant at higher flow rates. Similar results were reported by Wang et 
al., (2010); Simo et al., (2009); Westgate and Ladisch (1993a). 
2.2.4 Effect of Particle Size 
Vareli and his colleagues (Vareli et al., 1998) studied the effect of adsorbent particle sizes 
of 0.18-0.25, 0.16-0.18, and 0.125-0.16 mm on water-ethanol separation by starchy materials. It 
was discovered that adsorbents with greater particle sizes had a smaller separation factor. 
In the work done by Kim and her co-workers (Kim et al., 2011), two particle sizes of 
cassava pearls (1 and 0.5 mm) were investigated for drying ethanol. The pearl with smaller 
particle size achieved a slightly higher adsorption capacity for water at both breakthrough and 
equilibrium. At breakthrough, the separation factor decreased as the particle size was increased, 
while the separation factor at equilibrium increased with the increase of the particle size.     
2.2.5 Effect of Total Pressure 
Boonfung and Rattanaphanee (2010) investigated the effect of adsorption pressure at 200 
and 300 kPa and presented the ethanol profiles obtained from the pressure swing adsorption 
process. They found that the concentration of ethanol increased with an increase in the 
adsorption pressure. Thus, the optimum adsorption pressure was identified at 300 kPa (absolute). 
However, they did not report that the partial pressure of the components in the vapor feed stream 
was kept constant when total pressure was increased which may explain the reported increase in 
the concentration of ethanol in the product. 
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Simo et al., (2009) studied the effect of total pressure on the shape of water breakthrough 
curves and found out that the slope of water breakthrough profiles decreased as the total pressure 
was increased. Further, they concluded that among different rates of diffusion, only the rate of 
diffusion in macropores was affected by the change in total pressure. The key point of this work 
is that they conducted experiments at different total pressures, while the other operating 
conditions, partial pressure of water in the feed stream, vapor superficial velocity, temperature, 
and the pellet size, were kept constant. They carefully planned the experimental runs because of 
the unique dependence of the mass transfer mechanism on each operating parameter.  
Carmo and Gubulin (2002) used three adsorption pressures of 200, 400 and 600 kPa for 
ethanol-water separation in the PSA process. They reported that an increase in the adsorption 
pressure led to a decrease in the ethanol productivity at a fixed flow rate.  
2.2.6 Simulation of Water Breakthrough Curves 
Although bio-adsorbents have been used in the pressure swing adsorption process (PSA) 
for ethanol dehydration in a number of papers, very limiting information is available regarding 
the mathematical modeling of water breakthrough curves in literatures.  
Chang et al., (2006c) simulated the water breakthrough curves of a bed packed with corn 
meal (adsorbent). They performed the experiments at temperatures 82-100˚C. The water 
isotherms were obtained and subsequently used in the simulation of water breakthrough curves. 
The mathematical model considers axial dispersion, and uses the Linear Driving Force (LDF) 
adsorption rate model. Klinkenberg analytical solution was used to solve the mathematical model 
and the overall mass transfer resistance coefficient was estimated to be 2.7813 10
-3
 1/s. It was 
shown that Klinkenberg model successfully simulated the water breakthrough profiles at 
different superficial velocities and bed depths. However, the model did not give a good 
simulation for water breakthrough profiles at water vapor contents higher than 12 wt%. Further, 
it was found that the adsorption process was dominated by internal mass transfer resistance. 
Simo et al., (2009) developed a mathematical model to simulate water breakthrough 
curves on zeolite which considers the LDF adsorption rate, and variation of axial velocity. Using 
the model, they identified the overall mass transfer coefficient which was subsequently used in 
the evaluation of the external film, macropore and micropore mass transfer resistances. The 
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results showed that macropore and micropore diffusions were the relevant mass transfer 
mechanisms.  
2.3 Adsorption Isotherms 
To obtain the adsorption isotherms, the adsorption column must reach the equilibrium 
state in which the concentration of the components in the inlet and outlet streams is equal and the 
temperature of the bed has restored its initial state. Then, the adsorbed amount of absorbable 
components can be calculated by using the overall mass balance.  
There are many isotherm models used to describe the adsorption isotherms including 
Langmuir, Freundlich, linear, Dubinin-Polanyi (potential theory), Brunauer-Emmelt-Teller 
(BET), Guggenheim-Andrson-de-Boer (GAB), Frenkel-Halsey-Hill (FHH) model (Al-Asheh et 
al., 2009; Ruthven 1984). 
Langmuir model was used by Simo et al., (2009) to describe the adsorption isotherms at 
100-200˚C on zeolite 3A. Kim et al., (2011) found that the adsorption isotherms of cassava 
pearls showed a linear behavior similar to Henry’s law, at feed concentration range of 88-97 wt% 
EtOH and bed temperature of 90˚C.   
 Chang et al., (2006a) used BET, Dubinin-Polanyi, Sircar models to describe the 
adsorption isotherms at temperatures 82-100˚C on corn meal. They stated that water adsorption 
isotherms were of type II according to Brunauer’s classification. In addition, Dubinin-Polanyi 
and Sircar’s model fitted the experimental data at all temperatures very well. 
Al-Asheh et al., (2009) used GAB and FHH model to represent the isotherms for water 
adsorption on natural zeolite (phillipsite). The GAB model represented a better fit to the 
experimental data compared to FHH model in all cases. The relevant adsorbents for ethanol 
dehydration are discussed in the following section.  
2.4 Adsorbents 
There are a number of adsorbents that can be employed to dry ethanol: zeolite (Jeong et 
al., 2009; Simo et al., 2009), silica gel, activated alumina, cassava (Boonfung and Rattanaphanee 
2010; Liu et al., 2010; Quintero and Cardona 2009), cornmeal (Chang et al., 2006b; Hu and Xie 
2001; Vareli et al., 1998), wood chips (Boonfung and Rattanaphanee 2010; Benson and George 
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2005), potato starch (Hu and Xie 2001), natural corncobs, natural and activated palm stone, oak 
(Al-Asheh et al., 2004).  Among these adsorbents, 3A zeolite and corn grit are currently used in 
ethanol plants to dry ethanol (Kim et al., 2011; Simo et al., 2009). The other adsorbents are still 
at the research stage. In addition, several researchers have investigated the feasibility of applying 
bio-based adsorbents as an alternative to zeolite since bio-adsorbents are derived from renewable 
sources, they are cheaper and require moderate desorption temperature compared to 3A zeolite 
(Hu and Xie 2001).  
2.4.1 Zeolite  
Zeolite is the most commonly used adsorbent in industry for ethanol dehydration. 3A 
zeolite has pores in diameter of 0.3 nm which enable it to selectively adsorb water molecules 
while excluding ethanol molecules (Carmo and Gubulin 2002). This phenomenon happens 
because of the difference in polarity and molecular size of water and ethanol; water and ethanol 
molecules have a diameter of approximately 0.28 nm and 0.44 nm, respectively (Huang et al., 
2008; Ribeiro et al., 2008). 
Pruksathorn and Vitidsant (2009) studied the production of pure ethanol in the PSA using 
zeolite. They reported that higher breakthrough time and water adsorption capacity were 
achieved for runs with lower initial temperature and explained this with the observation that 
adsorption processes are exothermic phenomena. They reported that higher cycle time resulted in 
higher ethanol recovery. 
Jeong et al., (2009) used zeolite in their experiments and reported a production of about 2 
kl/day of dehydrated ethanol (99.5 wt% EtOH) with a product recovery of 72% at feed 
concentration of 93.2 wt% EtOH.  
Simo et al., (2009) investigated equilibrium and kinetic adsorption of water and ethanol 
on 3A zeolite using a PSA process. The operating conditions were selected similarly to the 
industrial ones: pressure of 400 kPa, temperature in the range 100-167˚C and the bed was kept 
under adiabatic conditions. They reported adsorbent selectivity of 900 and the Langmuir 
isotherm model gave a perfect fit to the water equilibrium adsorption data.  
Ribeiro et al., (2008) studied the adsorption equilibrium and kinetics of water vapor on 
activated carbon, activated alumina and zeolite at 303 K using a gravimetric system. It was 
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shown that zeolite had the highest adsorption capacity (11 mol/kg) at low pressure. However, the 
alumina sample achieved the highest adsorption capacity (35 mol/kg) at high relative humidity.  
Sowerby and Crittenden (1988) examined 3A, 4A, 5A and 10A zeolite to dry an ethanol-
water azeotropic mixture. They concluded that zeolite 5A and 10A were not suitable for ethanol 
dehydration processes because they reacted with ethanol and formed undesirable products. They 
also showed that a 4A molecular sieve had a greater water adsorption capacity than a 3A 
molecular sieve at similar operating conditions. 
Al-Asheh et al., (2004) used 3A, 4A and 5A zeolite in their experiments. Their results 
indicated that type 3A zeolite has better breakthrough time and outlet water concentration 
compared to the other types. 
The high temperature requirement (200-250˚C) for zeolite regeneration has led to a 
growing interest for the search of more energy efficient alternatives such as biomass-derived 
adsorbents (Okewale et al., 2011; Boonfung and Rattanaphanee 2010; Simo et al., 2008; Beery 
and Ladisch 2001). Moreover, the use of bio-adsorbents offers additional advantages compared 
to synthetic adsorbents. For example, bio-adsorbents can easily be deposited in the environment 
and they can be reused as the fermentation feedstock to produce either ethanol or biogas when 
their regeneration does not seem feasible (Boonfung and Rattanaphanee 2010). 
2.4.2 Bio-Adsorbents 
Bio-adsorbents are adsorbents made of natural biomaterials or by-products of related 
industries, such as cellulose and starchy materials. Bio-adsorbents adsorb water due to the polar 
attraction between water molecules and the polar groups (such as hydroxyl and carboxyl) in the 
biomaterials (Quintero and Cardona 2009). Sun et al., (2007) used different adsorbents to study 
water and ethanol adsorption in liquid phase. They studied barely straw, wheat straw and acid-
washed crab shells at room temperature in a batch system. Among these adsorbents the highest 
ratio of ethanol to water uptake was achieved for barley straw (4.31) followed by wheat straw 
(3.22) and crab shells (0.79).  
    For vapor phase adsorption, Hong et al., (1982) utilized a gas chromatographic elution 
method to explore the capacity of certain adsorbents in vapor phase adsorption. Adsorption and 
desorption was performed at 80˚C and He gas was used as the carrier gas at velocity of 94 
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cm/min. The adsorption capacity of the adsorbents was reported in the following order: potato 
and corn starch > xylan > cornmeal > avicel > bagasse, corn residue, and wheat straw.  
Vareli et al., (1998) applied the IGC method to identify chromatographic retention data 
for cornmeal, wheat flour, and wheat straw. The experiments were performed at temperatures in 
the range 50 to 90˚C with particle sizes 0.18-0.25, 0.16-0.18 and 0.13-0.16 mm. The highest 
separation factor was achieved for wheat flour at 50˚C and particle size 0.13-0.16 mm. For all 
adsorbents, the separation factor decreased by increasing the temperature and the absorbents with 
smaller particle size showed a higher separation factor due to their greater specific surface area.  
    Chang et al., (2006b) investigated the feasibility of using corn meal for the separation 
of water-ethanol mixtures and production of anhydrous ethanol. To study the kinetic of water 
and ethanol adsorption, several experimental runs were performed. The concentration and 
temperature were kept constant while varying the vapor superficial velocities and operating time. 
They reported that the selectivity of water adsorption at breakthrough point was slightly higher 
than that at equilibrium conditions. 
Quintero and Cardona (2009) also utilized a fixed bed column to examine the adsorption 
capacity of starchy and cellulosic materials. Expecting to achieve higher adsorption capacity, 
they applied an enzymatic hydrolysis to the adsorbents in order to modify the adsorbents. The 
results showed an increase in the adsorption capacity of the tested materials after the enzymatic 
hydrolysis treatment, but no increase in specific surface area. This was explained by the fact that 
the enzymatic hydrolysis treatment modified the adsorbents in a way that more hydroxyl groups 
were exposed to water molecules. Among the tested adsorbents, the highest water adsorption 
capacity was achieved for corn starch and the lowest was reported for elephant ear starch. 
    Al-Asheh et al., (2004) applied the same method as was used in the work of Quintero 
and Cardona (2009). They found that palm gave the best results in separation of ethanol-water 
mixture compared to natural corncobs, activated palm stone, oak, and activated oak.    
Wang et al., (2010) used gravimetric method to investigate the water vapor isotherms on 
3A zeolite, potato starch, corn starch, cassava starch, and cellulose at room temperature. Their 
results indicated that at relative pressure of 0.6, the highest value of water-ethanol adsorption 
ratio was achieved for potato starch (64.2). The adsorption ratios they obtained were in the 
following order: potato starch>cellulose>corn starch>cassava starch> 3A zeolite.        
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Many researchers have justified that the adsorption of water or ethanol by bio based 
adsorbents is mainly controlled by mass transfer resistances. In addition, the adsorption on bio-
adsorbents was explained by the polar attraction between their polar groups (hydroxyl, carboxyl, 
and protein) and water or ethanol molecules. Since the polarity of water is higher than ethanol, 
water molecules are selectively adsorbed by bio-adsorbents (Quintero and Cardona 2009). This 
indicates that bio-adsorbents have a potential for industrial application in ethanol dehydration.  
2.4.3 Canola Meal    
Canola is known as a promising source for biodiesel production and the second largest 
supply of edible oil in the world (Aider and Barbana 2011). According to Statistics Canada, the 
share of Saskatchewan in canola production was 3.4 million tons in 2006, which was increased 
up to 5 and 7 million tons in 2010, and 2011, respectively. Canola meal is known as a by-product 
of canola oil extraction and contains up to 50% protein on a dry basis which is mainly used as 
the protein source in animal feed (Aider and Barbana 2011; Canola Council of Canada, 2011). 
The composition of canola meal is summarized in Table 2.1. In addition, the protein in canola 
meal is mainly composed of albumin and globulin (Manamperi et al., 2007).  
 
Table 2.1. Canola meal composition (Canola Council of Canada, 2011). 
Component wt% on a dry basis 
Moisture 7.1 
Crude protein 36.3 
Crude fat (ether extract) 11.1 
Ash 6.3 
Free sugars 9.8 
Neutral detergent (cellulose, hemicellulose, lignin) 24.1 
Non-starch polysaccharides 13.7 
     
The ability of canola meal to adsorb water has been measured by several studies. They 
reported water adsorption capacity values of canola meal between 218 and 382% of its initial 
weight (Aider and Barbana 2011). These values mainly are attributed to canola meal containing a 
considerable amount of fiber which improves its water holding capacity (Aider and Barbana 
2011). 
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In a preliminary study, Baylak and his co-workers (Baylak et al., 2012) used canola meal 
to produce fuel grade ethanol (over 99 wt%). They used a fixed bed apparatus in their 
experiments to separate water-ethanol mixtures and demonstrated that canola meal has a 
potential for ethanol dehydration. However, a systematic investigation on ethanol dehydration in 
pressure swing adsorption has not been done. 
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3 MATERIALS AND METHODS 
3.1 Adsorbents Preparation 
3.1.1 Canola Meal 
The canola meal used in this work was produced by Federated Co-Operatives Limited 
(Saskatoon, Canada). Canadian Standard Sieves Series (Combustion Engineering Canada Inc.) 
was applied to sieve canola meal particles; the collected samples had particle sizes in the range 
0.425-1.18 mm (Figure 3.1).  
 
 
Figure 3.1 Canola meal with particle sizes 0.425-1.18 mm. 
 
Canola meal was also used to prepare cylindrical pellets. California Pellet Mill (CPM-Laboratory 
Model CL-5, California Pellet Mill Co., Crawfordsville, IN) was used to make cylindrical pellets 
with the uniform size of about 5 mm in diameter and 10 mm in length (Figure 3.2). Canola meal 
samples were dried in an oven at 110˚C for 24hrs, and then were ready for use in the column. 
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Figure 3.2 Cylindrical pellets with 5 mm in diameter and 10 mm in length. 
3.1.2 Corn Meal 
The corn meal used in this work was produced by BUNGE MILLING, INC. (Kansas, 
USA). Upon receiving, the corn meal was sieved and samples with particle sizes in the range of 
0.425-1.18 mm were collected (Figure 3.3). Corn meal was dried in an oven at 110˚C for 24hrs, 
and then was ready for use in the column. 
 
 
Figure 3.3 Corn meal with particle sizes 0.425-1.18 mm. 
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3.1.3 Zeolite 
Zeolite 3A pellets with particle sizes 2.38-4.76 mm were provided by EMD Chemicals 
Inc. (Pamstadt, Germany) (Figure 3.4). Zeolite similar to other adsorbents was kept in an oven at 
110 ˚C for 24 hrs, and then was ready for use in the column.  
 
 
Figure 3.4 3A zeolite with particle sizes 2.38-4.76 mm.  
3.2 Experimental Setup 
The schematic diagram of the experimental set-up is shown in Figure 3.5. It includes:  
 A pump (Cole-Parmer, RK-74930-05) to transfer the prepared mixture of water and 
ethanol to the Nebulizer. 
 A gas tank (N2).  
 A gas flow meter (Cole-Parmer, PMR1-010360) to adjust the flow rate of the carrier gas 
(N2). 
 A preheater (heated piping line). 
 An evaporator which is an approximately 15 m long copper tube coiled and immersed in 
a hot oil bath.  
 A stainless steel adsorption column 501 mm long and 46 mm ID equipped with a jacket. 
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 A heated pipe line connecting the outlet of the adsorption column to a back pressure 
regulator valve to ensure no condensation happens in the stream before entering to the 
back pressure regulator. 
 A back pressure regulator valve (Parker Hannifin Corp, US) which was used to pressurize 
the system according to the operating conditions.  
 Three glassware condensers to cool down the effluent and consequently separate water 
and ethanol from the carrier gas (N2). 
 
The temperature of the preheater in the setup was controlled by temperature controllers 
(Cole-Parmer, 89000-00, Canada) connected with a heating tape. The temperatures of the vapor 
stream and the bed were monitored at different points by four thermocouples (Omega K type, 
US) labeled J-111, J-114, J-115, and J-126. The thermocouples J-115 and J-126 were placed 
inside the tube, where J-115 read the temperature of the vapor stream at the inlet of the column 
and J-126 read the temperature of the vapor stream entering the back pressure regulator valve. J-
111 and J-114 were inserted at the middle and bottom of the column to monitor the bed 
temperature. Two pressure transducers (Honeywell, US) were used to monitor pressure at the top 
and bottom of the adsorption column (J-112 and J-113). The pressure transducers were attached 
to Omega DPiS32 outputs. The thermocouples J-115 and J-126 were connected to Omega DPi32 
outputs, while the thermocouples J-111 and J-114 were attached to Omega UTC-USB 
Connectors and temperature data was recorded using TRH Central Measurement and Data 
Logging Program (Omega).  
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Figure 3.5 Process flow diagram of the PSA set-up. 
3.2.1 Feed Solution Preparation 
The ethanol-water solution was prepared by mixing 200 proof ethanol (reagent grade, 
Commercial Alcohol Inc., Canada) with distilled water. 
3.3 Adsorption Experiments 
Prior to the adsorption step, the column (D-110) was kept under vacuum condition (25 
kPa) at 110˚C and purged with nitrogen gas at a flow rate of 756 cm3/min calibrated at standard 
conditions (T=25˚C and P=101 kPa) from the bottom for 15 hrs to ensure the bed is free of any 
moisture.  In the adsorption step, the prepared mixture of ethanol and water is pumped into the 
nebulizer (J-135), where the mixture is broken into small aerosol droplets with the aid of N2 gas 
(Figure 3.5). After that the mixture enters into the preheater where the tube is wrapped with heat 
tapes to warm up the mixture before entering into the evaporator (E-130). The mixture in the 
evaporator turns into vapor and reaches the desired temperature corresponding to the operating 
conditions (at this point the temperature is monitored by thermocouple (J-115)). After the bed 
temperature has reached the desired point, the adsorption step can begin.  The temperature of the 
bed is kept constant corresponding to the operating conditions using an oil bath (E-116) which 
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circulates the heating oil through the jacket of the adsorption column. This results in isothermal 
conditions for the adsorption process.  
The adsorption process begins once the vapor stream enters into the column (D-110) 
from the top. As the vapor stream passes through the bed, water and/or ethanol molecules are 
adsorbed on the adsorbent and the vapor stream including unabsorbed materials along with N2 
gas leaves the column from the bottom. The back pressure regulator valve (J-125) pressurized 
the system according to the operating conditions. The pressure drop along the column during the 
adsorption process was 2.1-3.4 kPa, which is negligible. The tube between the column and back 
pressure regulator was wrapped with heat tapes to keep the vapor temperature at 103˚C and 
avoid any condensation of the vapor stream before going into the pressure regulator. The effluent 
of the adsorption column is distributed between 3 condensers (E-120, E-121, and E-122), which 
were placed in a parallel pattern in order to separate the ethanol and water content of the vapor 
from the N2 gas. The condensed liquid was collected in sample tubes (F-123) in intervals of 2 
min for the first 10 min, 5 min for 30 min, 10 min for 40 min, and 20 min for the rest of the 
experiment.  The collected samples were weighed and then analyzed to determine their water and 
ethanol contents.  
The adsorption process was terminated when the bed was saturated and the temperatures 
at the middle (J-111) and bottom (J-114) of the column (D-110) had reached the inlet 
temperature of the vapor.  
3.3.1 Dynamic Study 
To study the effect of temperature, pressure, flow rate, pellet size, and feed concentration 
on the dynamic adsorption of water/ethanol on canola meal, water breakthrough curves and 
ethanol production profiles were generated. Water breakthrough curves were generated by 
plotting C/C0 (dimensionless) versus time, where C is water content in effluent at specified time 
intervals and C0 represents the water content in the feed stream. Ethanol production profiles were 
also generated by plotting the ethanol content of the effluent versus time. By breakthrough point 
is meant, the point where the water content in the effluent reaches 1 wt% corresponding to 99 
wt% ethanol. At breakthrough point, water/ethanol uptake was determined as the ratio of the 
difference between the total mass of water/ethanol input into the column and the accumulated 
mass of water/ethanol in the effluent, and the dry net weight of the adsorbent in the column. 
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The operating conditions for this research were as follows: bed temperatures of 100, 105, 
and 110˚C, water partial pressures of 24, 45, and 85 kPa, superficial velocities of 0.9 and 1.5 
cm/s, total pressures of 243, and 312 kPa, adsorbent particle sizes in the range 0.43-1.18 mm and 
cylindrical pellets of 5 mm diameter. These conditions were investigated on canola meal and the 
optimum conditions for ethanol production with concentration of over 99 wt% EtOH were 
determined. For comparison, canola meal, corn meal, and 3A zeolite adsorbents were tested in 
this work as well. 
Water breakthrough curves were modeled to evaluate the overall, external, and internal 
water mass transfer resistances (Seader and Henley 1998) and determine the mechanism 
controlling the mass transfer rate. 
3.3.2 Equilibrium Study 
For the equilibrium study, the adsorption breakthrough experiments were run 
continuously until the bed reached equilibrium conditions. At equilibrium, the bed reached its 
saturation point, at which the water content in the effluent equals its feed value, and the bed 
temperature has restored its initial value.  
Equilibrium isotherms were determined at temperatures 100, 105, and 110˚C by plotting 
the equilibrium uptake versus the relative humidity. The narrow temperature range was chosen to 
avoid burning canola meal at higher temperatures, and condensing water or ethanol in the vapor 
feed stream at lower temperatures. At equilibrium, water/ethanol uptake was calculated as the 
ratio of the difference between the total mass of water/ethanol input into the column and the 
accumulated mass of water/ethanol in the effluent, and the dry net weight of the adsorbent in the 
column. 
To find a model that can represent the adsorption isotherms in this system, the 
equilibrium data were fitted by the Dubinin-Polanyi, the Guggenheim-Andrson-de-Boer (GAB) 
and the Frenkel-Halsey-Hill (FHH) models (Al-Asheh et al., 2009; Ruthven 1984). 
3.4 Desorption Process 
The first step in the desorption stage was the depressurization step at which the pressure 
of the column was decreased to the atmospheric one by opening the valve (J-131) located on the 
top of the adsorption column (D-110). Next, the pressure of the column was reduced to 25 kPa 
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and kept constant using a vacuum pump (G-134). After that, the temperature of the bed was kept 
constant (at 110˚C) and the column was purged with nitrogen gas at flow rate 756 cm3/min for 5 
hrs. Nitrogen gas was directed by a bypass to enter the column from the bottom and leave from 
the top. Finally, the outlet stream went through a condenser (E-132) to separate water/ethanol 
from the nitrogen gas and prevent them from entering the vacuum pump (G-134).  
3.5 Analysis 
3.5.1 Water and Ethanol Content Analysis 
The water content for each collected sample was analyzed by an automated Karl Fischer 
Coulometer (METLER TOLEDO DL32). The ethanol mass fraction for each sample was 
determined as the difference between unity and the mass fraction of water. The ethanol mass 
fraction evaluated using this approach was consistent with the one analyzed by HPLC (Agilent, 
1100 Series, Refractive Index Detection). 
3.5.2 Fourier-Transform Infrared (FTIR) Analysis 
Information regarding the functional groups of canola meal was obtained using FTIR 
analysis (Jasco FT/IR-4100). A 1-2 mg sample of canola meal was mixed with 100 mg of a solid 
infrared transparent substance (potassium bromide) and then pressed into a 7 mm disc. Then, the 
prepared disc was used for FTIR analysis in the IR range of 450-3500 1/cm at a resolution of 16 
1/cm.  
3.5.3 CHNS Analysis 
The elemental components (carbon, hydrogen, nitrogen and sulfur) of canola meal 
samples were determined using Perkin Elmer Elemental CHNS analyzer. Approximately 4-6 mg 
of each sample was taken and placed in a tin boat. Then, the tin boat was folded and placed in the 
instrument used in the analysis. Each analysis was repeated twice and the results were presented 
in average of the duplicates. 
26 
 
3.5.4 Particle Size Distribution Analysis 
The Mastersizer particle size analyzer (Mavlern Mastersizer-s long bench size distributor) 
was used to determine the size distribution of canola meal particles sieved in the range of 0.425-
1.18 mm. Canola meal samples were manually placed into the dry feeder system. Then, a jet of 
compressed air delivered the sample from the feeder to the measurement area. The sample cell 
was located in front of the range lens, and the sample passed through the laser beam by flowing 
through the cell. The Mastersizer analyzes the size of each particle by using its optical unit to 
capture the actual scattering pattern from a field of particles. A 1000 mm lens was used for the 
analysis as the particle sizes were in the range of 0.0042-3.480 mm.  
3.5.5 Thermogravimetric Analysis (TG/DTA) 
To study the pyrolytic behavior of canola meal, thermogravimetric analysis (TGA) was 
carried out using a PerkinElmer instrument, Pyris Diamond TG/DTA. The depolarization of the 
canola meal samples was performed in argon gas in a temperature range of 22-400˚C and a 
temperature increase rate of 5˚C/min. 
3.5.6 Proximate Analysis 
ASTM methods were applied to analyze the moisture, ash, and volatile contents of canola 
meal. The moisture and the ash content was determined according to procedures in ASTM 3173-
78 (2003) and ASTM 3174-04 (2004) methods, respectively. For the ash content analysis, a 5 g 
canola meal sample was put in a crucible which in turn was placed in a muffle furnace (Holpack, 
US) at 575±10˚C for 4 hrs. Then, the crucible was placed in a desiccator to cool down. The ash 
content was calculated as ratio of the sample residue in the crucible and its initial weight. 
The volatile content was analyzed using the ASTM D3175-07 (2007) method. A 5 g 
sample was put in a crucible and placed in the muffin furnace at 950±10˚C for 7 min. Then, the 
crucible was placed in a desiccator to cool down. The volatile content was determined as the 
ratio of the sample’s weight loss and its initial weight.    
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3.5.7 Protein Determination 
The protein content of canola meal was determined according to AACC Method 46-30. 
First nitrogen content was determined by CHNS analysis. Then, the protein content was 
calculated by multiplying nitrogen content by 6.25 (Hassas-Roudsari et al., 2009).   
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4 RESULTS AND DISCUSSION 
4.1 Characterization of Fresh Canola Meal  
4.1.1 Particle Size Distribution Analysis  
To study the size distribution of sieved canola meal particles, the Mastersizer particle size 
analyzer was used. Figure 4.1 shows the size distribution of sieved canola meal particles in the 
size range of 0.425-1.18mm. The particle size analysis was duplicated and the average value of 
the volume median diameter D(v,0.5) was determined.  
The volume median diameter D(v,0.5) of fresh canola meal particles is approximately 
0.571±0.002 mm. This means that 50 v% of the distribution is above 0.571±0.002 mm and 50 
v% is below 0.571±0.002 mm.  
 
 
Figure 4.1 Particle size distributions for fresh canola meal. 
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4.1.2 FT-IR Spectroscopy Analysis 
The FT-IR spectroscopies of fresh canola meal showed peaks at 3372, 2926, 2855, 1655, 
1542, 1241 and 1052 1/cm (Figure 4.2). The analysis of FT-IR bands demonstrated the presence 
of the functional groups amino, hydroxyl and carbonyl in canola meal. The band 3372 1/cm was 
assigned to O-H and N-H stretching vibration, while the bands 2926 and 2855 1/cm represented 
CH2 asymmetric and symmetric stretching vibrations, respectively. The presence of amide I was 
confirmed by the C=O (peptide C=O bond) stretching vibration band of 1655 1/cm and the N-H 
bending vibration band of 1542 1/cm. Band 1241 1/cm
 
demonstrated the presence of 
hemicellulose and cellulose in canola meal, while band 1052 1/cm indicated the total CHO (Yu 
et al., 2005). Carbohydrate band peaks between 1025-1100 1/cm represent non-structural 
carbohydrate such as starch (Yu et al., 2005; Wetzel et al., 1998), while the observation of a peak 
at 1242 1/cm is indicative of a structural carbohydrate such as hemicellulose and cellulose (Yu et 
al., 2005).      
Moreover, the presence of secondary amine was confirmed by observing N-H stretch 
band in the range 3250-3400 1/cm and N-H bend wavelength in the range 1450-1550 1/cm 
(Mahmoodi et al., 2010; Yu et al., 2005; Pavia et al., 2000). The polar interaction between water 
molecules and the functional groups hydroxyl, carbonyl and amine could be identified as the 
mechanism of the intrinsic water adsorption on canola meal (Beery and Ladisch 2001; Kapoor 
and Viraraghavan 1997).  
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Figure 4.2 FTIR spectrum of fresh canola meal. 
4.1.3 Composition of Canola Meal  
The composition of canola meal was determined through CHNS and proximate methods.  
The results are shown in Table 4.1. The major components of canola meal were shown to be 
volatile matter and protein.   
Neutral detergent fiber, free sugars, and non-starch polysaccharides comprise up to 24.1, 
9.8, 6.2, and 13.7% of canola meal, respectively. Canola expeller meal contains up to 7.1% 
moisture, 6.3% ash, 36.3% crude protein and 10.8% non-degradable protein (Canola Council of 
Canada, 2011). 
 
  Table 4.1. Composition of fresh canola meal. 
Adsorbent 
Moisture content 
(wt%) 
Ash content 
(wt%) 
Volatile matter 
(wt%) 
Protein* 
(wt%) 
Fresh CM 8.6±0.1 6.9±0.1 78.9±0.9 40.7±0.9 
* Protein content was determined by the Kjeldahl method  
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4.1.4 Thermogravimetric Analysis 
To study the pyrolytic behavior of canola meal, thermogravimetric analysis (TGA) was 
carried out in inert argon gas. The TGA curve of fresh canola meal is presented in Figure 4.3.  As 
it can be seen from the figure, the weight of the sample remained unchanged until 200˚C while 
the maximum weight loss occurred in the range 290-350˚C. A slower weight loss was observed 
in the range 380˚C to 480˚C. The results demonstrated that over 60 wt% of the volatile matter 
was devolatilized in the temperature range of 200-500˚C (Carrier et al., 2011). In addition, 
Carrier et al., (2011) reported that the degradation of hemicelluloses, α-cellulose and lignin 
occurred in the temperature intervals of 200-300˚C, 250-350˚C, and 200-500˚C, accordingly.  
Based on the above, it was assumed that canola meal will remain stable in an ethanol 
dehydration process as long as the temperature of the bed remains lower than 200˚C. In this 
work, all ethanol dehydration experiments were done at 100-110˚C.   
 
 
Figure 4.3 TGA curve of fresh canola meal. 
4.2 Reproducibility of Experimental Data 
Ethanol dehydration forms the central part of this thesis; hence the reproducibility of the 
experimental data of ethanol dehydration was investigated. Several experimental runs were 
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performed and each run was repeated twice. Three random experimental runs, with different 
operating conditions, are presented here. Table 4.2 displays the operating conditions of the 
replicated runs. The results of the replicates are presented in Figure 4.4 in terms of their water 
breakthrough curves and ethanol production profiles. The data represents the average values of 
the repeated runs. The error bars represent the range of the obtained highest and lowest values 
for each data point.  
 
 Table 4.2. Run Conditions. 
Run # T(˚C) Ptotal (kPa) Pw (kPa) dp (mm) u0 (cm/s) 
1 110 243 24 0.43-1.18 1.5 
2 100 243 45 5.00 0.9 
3 100 243 85 0.43-1.18 0.9 
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Figure 4.4 Water breakthrough curves and ethanol production profiles for experimental runs 1, 2 
and 3. Error bars represent the range of the obtained highest and lowest values for each data 
point. 
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The average equilibrium water/ethanol uptake was calculated for each run as the ratio of 
the adsorbed amount and the weight of dry canola meal packed in the bed. The results are listed 
in Table 4.3. The equilibrium water/ethanol uptake represents the average value obtained through 
the replicates. The standard deviation (STD) and error of the data were calculated as well. As it 
can be seen from Table 4.3., the calculated error for all runs is less than 5%. The results 
demonstrated that the experimental data were reproducible.   
 
Table 4.3. Results of statistical analysis.  
 
H2O uptake 
(mol/kg adsorbent) 
EtOH uptake 
(mol/kg adsorbent) 
Run # Average STD Error (%) Average STD Error (%) 
1 0.94 0.03 3.62 2.41 0.08 3.54 
2 3.34 0.16 4.88 4.10 0.14 3.45 
3 7.26 0.35 4.78 4.25 0.21 4.99 
 
4.3 Water/Ethanol Adsorption Dynamic Study  
To study the effects of temperature, pressure, flow rate, pellet size and feed concentration 
on the dynamic adsorption of water/ethanol on canola meal, water breakthrough curves and 
ethanol production profiles were generated. As explained in Chapter 3, water breakthrough 
curves were generated by plotting the dimensionless water content (C/C0) versus time, where C 
is water content (wt%) in the effluent at given time intervals and C0 represents water content 
(wt%) in the feed. The slopes of the curves represent the water mass transfer rate (Simo et al., 
2009). Ethanol production profiles represent the ethanol concentration in the output stream at the 
given time intervals. Breakthrough point refers to the point where the concentration of water in 
the effluent reaches 1 wt%, which corresponds to 99 wt% ethanol.  
The water/ethanol uptake on canola meal at equilibrium conditions was determined. The 
equilibrium conditions in each run were identified by considering both the water breakthrough 
curve and the temperature profile. At equilibrium, the bed reached its saturation point, at which 
the water content in the effluent equals its feed value, and the bed temperature has restored its 
initial value. At breakthrough and equilibrium, water/ethanol uptake was calculated as the ratio 
of the difference between the total mass of water/ethanol input into the column and the 
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accumulated mass of water/ethanol in the effluent, and the dry net weight of the canola meal in 
the column.  
The selectivity of water adsorption by the adsorbent was determined by calculating the 
separation factor α as follows:  
   
  
  
⁄
  
  
⁄
                                                                                        (4.1) 
where    and    are the mass fractions of water in the adsorbed and vapor phases, respectively, 
while    and    are the corresponding ethanol mass fractions (Chang et al., 2006b).  
Furthermore, by simulating water breakthrough curves, the overall water mass transfer 
coefficient was evaluated. This coefficient was used to calculate the overall mass transfer 
resistance. In addition, the external and internal mass transfer resistances were determined since 
they have a unique dependence on the operating conditions (Simo et al., 2009).  
In general, there are three steps for the adsorption of a adsorbate (solute) onto the surface 
of a porous adsorbent. The first step is external transport (interphase), which is the mass transfer 
of a adsorbate from the bulk fluid to the external surface of the adsorbent (pore mouth) by means 
of diffusion. The second step is internal transport (intraphase), in which the adsorbate diffuses 
from the pore mouth to the inner surface of the internal porous structure. The third step is 
adsorption, when the adsorbate is adsorbed onto the porous surface (Simo et al., 2009; Fogler 
1999; Seader and Henley 1998). For physical adsorption the rate of the third kinetic step is 
almost instantaneous due to its dependency on the collision frequency and the orientation of the 
molecules with the porous surface (Seader and Henley 1998). However, for chemisorption, step 
4 may be slow and even controlling due to the formation of chemical bonds between the 
adsorbate and the adsorbent (Seader and Henley 1998). In this work, the assumption was that the 
rate controlling step is mass transfer and the intrinsic water adsorption rate (step 3) on canola 
meal is fast since water adsorption is physical in nature. To identify the controlling mechanism 
of the mass transfer rate, the total water mass transfer, external mass transfer and internal mass 
transfer resistances were determined.  
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4.3.1 Simulation of Water Breakthrough Curves 
The aim of a mathematical modeling of the water adsorption dynamics is to simulate the 
experimentally obtained breakthrough curves and determine the mass transfer resistance. This in 
turn enables us to get more insight into the mass transfer mechanism governing the adsorption 
process. In general, the mathematical models used to describe the dynamic behavior of 
adsorption systems involve a set of partial differential and algebraic equation, the overall mass 
balance equation, component mass balance equations, adsorption rate equation and the 
momentum balance equation (Chahbani and Tondeur 2000; Ruthven 1984) which usually require 
complex computation. A simplified model has been developed by applying mass balance of fluid 
phase on a differential element of the bed (  ), in which the fluid stream contains an adsorbate 
with concentration varying with axial position z and time t, c(z,t) (Ruthven 1984): 
  
  
   
   
   
 
 (  )
  
 
(    )
  
  ̅
  
                                                                    (4.2) 
The term on the left hand side represents accumulation rate of the adsorbate. The first term on 
the right hand side accounts for axial dispersion with eddy diffusivity   , the second one 
represents the convection term, and the third one is adsorption rate based on   ̅, the volume 
average adsorbent loading per unit mass (uptake). Thus, the last term accounts for the variation 
of q throughout the adsorbent particle, due to internal mass transfer resistance, by averaging the 
rate of adsorption over the adsorbent particle.    is bed porosity, z is the bed depth (m), and u is 
the interstitial velocity of vapor. Equation (4.2) gives the concentration of the adsorbate in the 
fluid as a function of time and location in the bed (Seader and Henley 1998; Sereno and 
Rodrigues 1993). To achieve the analytical solution, the following assumptions were further 
made (Seader and Henley 1998; Sereno and Rodrigues 1993) : 
1) The solute in the bulk fluid is in instantaneous equilibrium with the one adsorbed on the 
adsorbent; 
2) Axial dispersion is negligible;  
3) Mass transfer is the controlling mechanism of the overall water adsorption rate and the Linear 
Driving Force (LDF) model is applied to describe the overall mass transfer rate. 
Under the above assumptions, equation (4.2) becomes: 
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  ̅
  
                                                                                               (4.3) 
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Then, the LDF model introduced by Glueckauf (Seader and Henley 1998; Glueckauf 1955; 
Glueckauf and Coates 1947), was applied to replace the adsorption rate in equation (4.3) by: 
  ̅
  
     ( 
   ̅).                                                                                          (4.4) 
To correlate the adsorbate uptake in the solid phase with its concentration in the fluid phase, a 
linear adsorption equilibrium model was used (Seader and Henley 1998; Sereno and Rodrigues 
1993).  
                                                                                                                                      (4.5)        
     
 ̅                                                                    (4.6) 
where    is the saturated adsorbate loading in equilibrium with the sorbate concentration,  c* in 
the bulk fluid,    is adsorbate concentration in equilibrium with average loading  ̅ and   is the 
adsorption equilibrium constant. 
Combining equations (4.4), (4.5), and (4.6) gives: 
  ̅
  
      ( 
   )                                                                                         (4.7) 
where      is the overall mass-transfer coefficient (1/s), which includes both external and 
internal transport resistances. 
Combining equations (4.3) and (4.7) gives: 
  
  
  
  
  
 
(    )(     )
  
(    )                                                 (4.8) 
The initial and boundary conditions for an initially dry bed that was exposed to a step 
change in sorbate concentration at the inlet at time zero are (Ruthven 1984): 
              ̅(   )   (   )                                                                                        (4.9) 
              (   )       (   )                                                                                  (4.10) 
where z (bed depth) varies from 0 to  , and     is the concentration of the adsorbate in the 
effluent. 
The simulation of a breakthrough curve requires solving equation (4.8) subject to initial 
and boundary conditions (equations (4.9) and (4.10)). The following approximate solution to 
equation (4.8) was obtained (Klinkenberg 1954).  
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where    and c0 are the concentration of the adsorbable species in the effluent and feed stream, 
respectively, while   is the dimensionless distance coordinate and   is the dimensionless time 
coordinate corrected for displacement. The equations for   and   are: 
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  and   are defined as coordinate transformations for z and t in order to convert the equations to 
an equation with a much simpler form of the error function    ( ). Recall that the error function 
is defined by: 
   (  )      ( )                                                                                                      (4.14) 
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In this work, equation (4.11) was used to fit the experimentally obtained water 
breakthrough curves. The adsorption column worked under isobaric conditions because of the 
negligible pressure drop (2.1-3.4 kPa) along the bed. While treating the experimental data, the 
fed vapor is considered to have an ideal gas behavior due to the low operating pressure. u in the 
model was presented by the average interstitial velocity of vapor across the adsorption column. 
Through determination of      by fitting equation (4.11) to the experimental data, the 
overall mass transfer resistance   , measured in s, was calculated (Gorbach et al., 2004):  
    
 
    
                      (4.16) 
The overall mass transfer resistance is also correlated to the external (   ) and internal (   ) 
mass transfer resistances by (Gorbach et al., 2004): 
                                                                                                          (4.17) 
The external mass transfer resistance was evaluated by (Gorbach et al., 2004) using: 
     
   
   
                                                                                                                                                 (4.18) 
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where    is the external mass-transfer coefficient (m/s),     is adsorbent particle radius (m) and 
 is the equilibrium constant at temperature T. Thus the internal mass transfer resistance is 
evaluated as the difference of the external mass transfer resistance and the overall mass transfer 
resistance.  
 The parameters in equations (4.11), (4.12) and (4.13), used to fit the water breakthrough 
curves are determined. 
Equilibrium constant K: As mentioned earlier, in order to achieve the analytical 
solution (equation (4.11)), the water adsorption isotherms were fit by the linear model equation 
(4.5) to determine K at different temperatures and particle sizes. The results are shown in Figure 
4.5 and Table 4.4. Further, the values of the correlation coefficient R
2
 were determined using: 
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                                                                                  (4.19) 
where    (
  
  
) and      is the average of {       |        }. 
As can be seen in Table 4.4, the values of coefficient of determination R
2 
were greater than or 
equal to 0.95 with an average of 0.97. The results confirmed that the linear isotherm model gave 
acceptable fitting to the experimental data.  
 More sophisticated isotherms models will be discussed in Section 4.4 in terms of their 
capabilities to fit the equilibrium isotherms of water adsorption on canola meal.  
 
Table 4.4. Equilibrium constants for water adsorption on canola meal. 
T (˚C) dp (mm) K R
2
 
100 0.425-1.18 269 0.96 
100 5 273 0.95 
105 0.425-1.18 198 0.96 
110 0.425-1.18 157 0.99 
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Figure 4.5 Water adsorption isotherms on canola meal. For particle size 0.43-1.18 mm, data was 
obtained at 100, 105, 110˚C and for pellet 5 mm at 100˚C. The solid lines represent the linear 
model fit, while the error bars represent the range of the obtained highest and lowest values for 
each data point. 
 
 
Overall mass transfer coefficient (kLDF): The following least square correlation  
    ( )  ∑ [(
  
  
)  (
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                                                                                (4.20) 
was used to fit equations (4.11), (4.12) and (4.13) to the experimental data and was used to 
estimate the optimum values for the overall mass transfer coefficient kLDF.  As it can be seen 
from equation (4.11), the ratios 
  
  
 become a function of the overall mass transfer coefficient 
only, once the remaining parameters are known. The value of the bed depth z was 0.5 m for all 
experimental runs. The effective velocity u of vapor is calculated by: 
  
  
  
                                                                                                                (4.21) 
where    is the superficial velocity in the column (m/s).   
In the simulation of the water breakthrough curves using equation (4.11), the coefficient 
R
2
 was also calculated to evaluate how well the model fits the experimental data. In order to 
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determine the mass transfer resistance in equation (4.19), the following parameters were 
determined: 
External mass coefficient (kc): To evaluate the external mass transfer coefficient kc, it was 
necessary to calculate Reynolds number Re and Schmidt number Sc:  
   
      
 (    )
                                                                                                                                                (4.22) 
   
 
   
                                                                                                                                           (4.23) 
where   is viscosity of vapor in kg/m*s ,   is vapor density in kg/m
3
,    is the equivalent 
diameter of a spherical particle in m,     represents the superficial velocity of vapor in m/s, and 
   is molecular diffusivity for a gas mixture in m
2
/s. The detailed calculation of    has been 
described in Appendix A.  
Then, using the values of Re and Sc, the Sherwood number Sh was calculated through equation 
(4.24) (Ruthven 1984): 
                                                                                                                      (4.24)  
The external mass transfer coefficient    of particles in the fixed-bed in equation (4.20) was 
determined from the following correlation: 
   
    
  
                                                                                                                             (4.25)   
In the correlations mentioned earlier,    was introduced as the equivalent diameter of a 
spherical particle. There are some correlations used to calculate    from the geometric properties 
of the particles. A short cylinder with diameter D, equal to its length, was used to describe the 
geometry of the particles. In this work, two different sizes of adsorbents were investigated and 
the corresponding equivalent diameters were calculated as follows (Seader and Henley 1998): 
 
1) For particles with D in the range 0.425-1.18 mm,           4 times the hydraulic radius   , 
where for a packed bed         . Thus,   
                                                                                                                                   (4.26) 
This correlation is commonly used for crushed particles of irregular surface, with no obvious 
longer or shorter dimension (Seader and Henley 1998). 
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2) For 5mm pellets,    was taken to equal the diameter of a sphere with the same volume as the 
above mentioned cylinder. Thus, 
                                                                                                                                 (4.27) 
Once    was calculated, the external mass transfer resistance was determined by equation (4.18), 
and the internal resistance was calculated as the difference between the total resistance and the 
external resistance. The results of the mathematical modeling and the effect of the operating 
conditions on the mass transfer resistances are discussed in detail in the subsequent sections.  
4.3.2 Temperature Effect 
The effect of the bed temperature on water/ethanol adsorption was investigated at 100, 
105, and 110˚C, while the water partial pressure in vapor stream was kept constant at 24 kPa. 
The water breakthrough curves and ethanol production profiles are shown in Figure 5.6. As it 
can be seen from Figure 4.6, canola meal broke the azeotropic point (95 wt% EtOH) at different 
temperatures and produced ethanol with concentration greater than 99 wt%. As it presented in 
Figure 4.6(b), breakthrough time decreased as the temperature was increased. The breakthrough 
times of 60, 54.8, and 41.9 min were observed at 100, 105 and 110˚C, respectively. Further, the 
slope of water breakthrough curves increased as the temperature was increased, which shows 
greater mass transfer rates at elevated temperatures.  
Table 4.5 summarizes the uptake, production of 99 wt% ethanol, and separation factor at 
different bed temperatures. At breakthrough point, water uptake decreased as the temperature 
was increased. Water uptake for runs at 100, 105, and 110˚C was 0.85, 0.79, 0.58 (mol/kg 
adsorbent), respectively. In the case of ethanol, the uptake decreased from 1.74 to 1.16 (mol/kg 
ads) when the temperature was increased from 100 to 110˚C. Furthermore, Table 4.5, shows that 
an increase in temperature caused a decrease in the amount of ethanol production with 
concentration over 99 wt% EtOH; the values were 4.7, 4.4, 4 (mol EtOH/kg adsorbent) for runs 
at 100, 105, and 110˚C, respectively. The results indicated that water/ethanol adsorption is an 
exothermic process. 
Comparison of water/ethanol uptake at the breakthrough and equilibrium points indicated 
that the uptake was higher at equilibrium for both components. The separation factor for all runs 
at equilibrium was lower compared to the one at breakthrough point. Thus, ethanol dehydration 
is to be operated till the breakthrough point (Baylak et al., 2012). 
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Table 4.5. Experimental results of water and ethanol adsorption on canola meal for different 
temperatures at total pressure of 243 kPa with particle sizes of 0.43-1.18 mm. 
Operating condition Equilibrium adsorption 
Adsorption until breakthrough point  
(99 wt% EtOH) 
T 
(  C) 
u0 
(cm/s) 
Pw 
(kPa) 
PEt 
(kPa) 
H2O 
uptake*
 
EtOH 
uptake* 
α** 
H2O 
uptake* 
EtOH 
uptake* 
α** 
EtOH 
mass*** 
100 0.9 24 178 1.43 3.17 3.35 0.85 1.74 3.60 4.7 
105 0.9 24 178 1.19 2.67 3.30 0.79 1.58 3.69 4.4 
110 0.9 24 178 1.10 2.52 3.34 0.58 1.16 3.65 4.0 
*:mol/kg adsorbent; **:separation factor; ***: production of ethanol (over 99 wt%) until breakthrough 
point (mol EtOH/kg adsorbent). 
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Figure 4.6 (a) Ethanol production profiles; (b) Water breakthrough curves. Operating conditions: 
Pw =24 kPa, u0 ≈ 0.9 cm/s, and dp =0.425-1.18 mm.  
 
Due to the exothermic nature of adsorption processes, greater water adsorption by the 
adsorbent results in higher heat generation. This fact can be further observed from the 
temperature profile presented in Figure 4.7; the temperature rise ΔT= Tmax – Tinlet (or hot spot) 
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increased as the temperature was decreased (Simo, et al., 2009), where Tmax is peak temperature 
profile, and Tinlet is temperature of vapor stream at the inlet.  
 
Figure 4.7 Variation of temperature with time in the middle of column read from (J-111). 
 
As it was explained earlier, equation (4.11) was applied to simulate the water 
breakthrough curves at various operating conditions. The simulated breakthrough curves for the 
experimental runs at temperatures 100, 105, 110˚C are presented in Figure 4.8. The obtained 
values for R
2
 at 100, 105, and 110˚C were 0.99, 0.98, and 0.98, respectively. The results show 
that the model accurately described the experimental breakthrough curves. The deviation can be 
attributed to the assumptions of the model (isothermal condition, ignorance of axial dispersion 
and liner behavior of adsorption isotherms). 
The obtained values of the overall mass transfer coefficient kLDF, presented in Table 4.6, 
increased from 2.9 to 4 ( 103 1/s) as the temperature was elevated from 100 to 110˚C. This 
indicates that the mass transfer rate increased as the temperature was increased. This is reflected 
by the slight increase in the slope of water breakthrough curves as can be seen in Figure 4.8 (b). 
The larger slope suggests a higher mass transfer rate (Chang et al., 2006c).  
The overall mass transfer coefficient obtained from the modeling was further used to 
calculate the overall mass transfer resistance using equation (4.17). The calculated values for 
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different resistances are presented in Table 4.6. The results show that the overall, the external 
and the internal mass transfer resistances, decreased as the temperature was increased. Simo and 
his co-workers (Simo et al., 2009) reported the similar decreasing trend of the resistances with an 
increase in the temperature for water adsorption on molecular sieves. 
From Table 4.6 can be seen that more than 98% of the overall mass transfer resistance 
was due to the internal region, which indicates that the internal mass transfer resistances 
governed the adsorption process.  
 
Table 4.6. Mass-transfer coefficients for different temperatures with particle size 0.425-1.18 mm 
and Pw = 24 kPa. 
T(˚C) 
Dm 10
6 
(m
2
/s) 
Re Sc Sh 
kLDF 
( 102 1/s) 
kc 
( 10 m/s) 
RT 
(s) 
Rex 
(s) 
Rin 
(s) 
100 9.03 3.57 0.33 3.64 0.29 0.64 370.37 0.36 370.01 
105 9.28 3.51 0.33 3.62 0.39 0.65 256.41 0.26 256.15 
110 9.52 3.45 0.33 3.61 0.40 0.67 250.00 0.20 249.80 
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Figure 4.8 Simulation of water breakthrough curves at (a) 110˚C, (b) 105˚C, (c) 100˚C. 
Operating conditions: Pw = 24 kPa, dp = 0.425-1.18 mm, u0 ≈ 0.9 cm/s.   is the dimensionless time 
coordinate corrected for displacement (   (  
 
 
)) . 
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4.3.3 Feed Concentration Effect 
The effect of water/ethanol feed concentration on adsorption performance was 
investigated by varying the water/ethanol partial pressure in the feed stream at temperature 
110˚C, total pressure 243 kPa and superficial velocity 0.9 cm/s. Ethanol production profiles and 
water breakthrough curves for runs with different feed concentrations are shown in Figure 4.9. 
The calculated values for water and ethanol uptake at breakthrough and equilibrium are listed in 
Table 4.7.  
From Figure 4.9 (a) can be seen that the breakthrough time decreased as the water 
concentration was increased in the feed stream. Breakthrough times of 42, 30.6, and 21.3 min 
were achieved for experimental runs with water partial pressure 24, 45, and 85 kPa, respectively. 
The corresponding ethanol productions (with concentration over 99 wt% EtOH) were 4, 2.1, and 
1.3 (mol EtOH/kg adsorbent) indicating decreased 99 wt% ethanol production as the ethanol 
partial pressure in the feed stream was decreased (see Table 4.7).  
It can be seen from the water breakthrough curves in Figure 4.9 (b) that an increase in 
water partial pressure of the feed stream (corresponding to higher water content in the feed) 
resulted in an increase in the slope of the profiles. This is indicative of a higher mass transfer 
rate. The same information can be obtained from the temperature profiles in Figure 4.10, where 
higher and steeper temperature curves correspond to runs with more water content in the feed 
stream and higher water uptake. This behavior was expected due to the exothermic nature of 
adsorption processes. 
 
Table 4.7. Experimental results of water and ethanol adsorption on canola meal at T=110˚C, 
Ptotal=243 kPa, dp=0.43-1.18 mm.  
Operating conditions Equilibrium adsorption 
Adsorption until breakthrough point 
 (99%wt EtOH) 
T 
(˚C) 
u0 
(cm/s) 
Pw 
(kPa) 
PEt 
(kPa) 
H2O 
uptake* 
EtOH 
uptake* 
α** 
H2O 
uptake* 
EtOH 
uptake* 
α** 
EtOH 
mass*** 
110 0.9 24 178 1.10 2.52 3.34 0.58 1.16 3.65 4.0 
110 0.9 45 160 2.03 1.64 4.38 0.89 0.99 3.17 2.1 
110 0.9 85 125 4.31 1.59 4.04 1.32 0.64 3.10 1.3 
*:mol/kg adsorbent; **:separation factor; ***:production of ethanol (over 99 wt%) until breakthrough 
point (mol EtOH/kg adsorbent). 
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Figure 4.9 (a) Ethanol production profiles, (b) Water breakthrough curves.  
Operating conditions: T =110˚C, u0 = 0.9 cm/s, dp =0.425-1.18 mm.  
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Figure 4.10 Temperature profiles at middle of column read from (J-111) for runs with different 
water partial pressure. 
 
Table 4.7, shows that the water uptake at breakthrough increases as the water content is 
increased in the feed stream, while the ethanol uptake decreases. At breakthrough, water uptake 
of 0.58, 0.89, and 1.32 (mol/kg adsorbent) was obtained at runs with water partial pressure of 24, 
45, and 85 kPa. In case of ethanol uptake at breakthrough, corresponding values were 1.16, 0.99, 
and 0.64 (mol/kg adsorbent), respectively. At equilibrium, higher values for water and ethanol 
uptake were achieved compared to that at breakthrough point. In addition, an increase was 
observed in separation factor at equilibrium as the water concentration was increased in the feed 
stream, but it is insignificant. 
The simulation of water breakthrough curves using equation (4.11), for runs with 
different water content, is shown in Figure 4.11. The calculated regression coefficient R
2
 for runs 
with water partial pressure of 24, 45, and 85 kPa, corresponding to 5, 10 and 21 wt% water, were 
0.99, 0.97, and 0.89, respectively. It is evident that the simulation does not give a good 
approximation as the water concentration is increased in the feed stream. Similar results were 
reported by Chang and his co-workers (Chang et al., 2006c) stating that Klinkenberg’s model 
does not give a satisfactory fit for runs with feed water content over 12 wt%.  
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 Table 4.8, shows the determined overall mass transfer coefficient kLDF for different runs 
at temperature 110˚C. Recall that the values for kLDF are calculated from the simulations. As 
mentioned earlier, equation (4.11) did not fit the experimental data well for the run with water 
partial pressure of 85 kPa. Therefore, kLDF =1.7 ( 10
3
 1/s) cannot be used to calculate the mass 
transfer resistances for this run. For runs with water partial pressure of 24 and 45 kPa, values of 4 
and 4.3 ( 10
3
 1/s) were obtained for kLDF, respectively. The increase in the overall mass transfer 
coefficient kLDF at higher water content led to a decrease in the overall mass transfer resistance 
which resulted in an increase in the adsorption rate. This was confirmed by the increasing slope 
of the water breakthrough curves as the water content in the feed stream was increased (Figure 
4.9 b). Similar results were reported by Simo et al., (2009) stating that the overall mass transfer 
coefficient of water adsorption on zeolite 3A increased with an increase in water concentration of 
the vapor stream.   
As it can be seen from Table 4.8, the molecular diffusivity, Dm, of water in the gas 
mixture increased with an increase in the water content in the vapor stream. This caused the 
external mass transfer coefficient kc to rise from 0.062 to 0.067 m/s due to the fact that the 
external mass transfer coefficient is proportional to the molecular diffusivity (Fogler 1999).  
Furthermore, a decreasing trend was observed in the external and internal mass transfer 
resistances as the water content in the feed stream was increased. The internal mass transfer 
resistance had the greater contribution to the overall mass transfer resistance compared to the 
external one. This again confirmed that the water adsorption process was governed by the 
internal mass transfer resistance.   
 
Table 4.8. Mass-transfer coefficients for runs with different water partial pressure at 110˚C with 
equilibrium constant K=157. 
Pw 
(kPa) 
Dm 10
6 
(m
2
/s) 
Re Sc Sh 
kLDF 
( 102 
1/s) 
kc 
( 10 
m/s) 
RT (s) Rex (s) Rin (s) 
24 9.53 3.45 0.33 3.61 0.40 0.67 250.00 0.20 249.80 
45 10.59 3.22 0.32 3.52 0.43 0.73 232.56 0.18 232.37 
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Figure 4.11 Simulation of breakthrough curves for runs with water partial pressures 24, 45 and 
85 kPa . Operating conditions: Ptotal = 243 kPa, dp= 0.425-1.18 mm, T=110˚C, u0 = 0.9 cm/s.   is 
the dimensionless time coordinate corrected for displacement(   (  
 
 
)). 
 
4.3.4 Pressure Effect 
To study the effects of the total pressure on the adsorption performance, two 
experimental runs were carried out at total pressures 243 and 312 kPa, while the partial pressure 
of water/ethanol, temperature, and superficial velocity were kept constant (Table 4.9). 
The ethanol profiles presented in Figure 4.12 (a), show a decrease in the breakthrough 
time from 42 to 21 min once the total pressure was increased from 243 to 312 kPa. As a 
consequence, the production of ethanol (99 wt%) dropped from 4 to 1.5 (mol EtOH/kg 
adsorbent). 
From Figure 4.12 (b) can be observed that with an increase in pressure the slope of the 
water breakthrough curves did not change significantly, while the bed saturated faster. At 
breakthrough, the water/ethanol uptake decreased as the total pressure was increased due to the 
fact that the overall mass transfer resistance increased when total pressure was increased (Table 
4.9). Similarly, at equilibrium, the water/ethanol uptake decreased as the total pressure was 
increased. Pruksathorn and Vitidsant (2009) reported similar results for 3A zeolite. 
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Figure 4.12 (a) Ethanol production profiles, (b) Water breakthrough curves. 
Operating conditions: T =110˚C, u0 = 0.9 cm/s, dp =0.425-1.18 mm, Pw=24 kPa.  
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Table 4.9. Experimental results of water/ethanol uptake for different total pressures at 110˚C and 
dp=0.43-1.18mm. 
Operating condition Equilibrium adsorption 
Adsorption until breakthrough 
point (99%wt EtOH) 
Ptotal 
(kPa) 
u0 
(cm/s) 
Pw 
(kPa) 
PEt 
(kPa) 
H2O 
uptake* 
EtOH 
uptake* 
α** 
H2O 
uptake* 
EtOH 
uptake* 
α** 
EtOH 
mass 
*** 
243 0.9 24 178 1.10 2.52 3.34 0.58 1.16 3.65 4.0 
312 0.9 24 178 0.68 1.49 3.25 0.30 0.77 2.87 1.5 
*:mol/kg adsorbent; **:separation factor; ***: production of ethanol (over 99 wt%) until breakthrough 
point (mol EtOH/kg adsorbent). 
 
Figure 4.13, depicts the simulation of water breakthrough curves for runs at total pressure 
of 243 and 312 kPa. The corresponding values for R
2
 are 0.99 and 0.95. By modeling water 
breakthrough curves, it was observed that as the total pressure was increased the overall mass 
transfer coefficient decreased and consequently the overall mass transfer resistance increased. 
Table 4.10 also shows that the external mass transfer coefficient, kc, decreased with an increase 
in the total pressure. This happened because kc is proportional to the molecular diffusivity of 
water in the gas mixture which in turn is inversely proportional to total pressure. This led the 
external mass transfer resistance to increase as total pressure was increased.  
Simo and his co-workers studied water/ethanol adsorption on 3A zeolite and found that 
the overall mass transfer coefficient decreased as the total pressure was increased. Moreover, 
they reported that approximately 90% of the overall mass transfer resistance at elevated pressure 
is due to the internal regions (Simo et al., 2009), which is similar to the results of this work.  
Diffusion in macropores changes with alterations in total pressure, while diffusion in the 
micropores is independent of the total pressure (Simo et al., 2009). Molecular diffusion, Knudsen 
diffusion, Poiseuille flow, and surface diffusion are recognized as the mechanisms of diffusion in 
macropores. Among these, molecular diffusion is the only diffusion mechanism that is inversely 
proportional to total pressure (Simo et al., 2009; Ruthven 1984). Knudsen diffusion coefficient 
itself is not dependent on total pressure and Poiseuille flow is directly proportional to total 
pressure (Ruthven 1984). Therefore, it may be concluded that molecular diffusion in macropores 
is likely to govern the water adsorption rate as was concluded in Simo’s work (Simo et al., 
2009). 
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Table 4.10. Mass transfer coefficients for different total pressures with equilibrium constant 
K=157. 
Ptotal 
(kPa) 
Dm 10
6 
(m
2
/s) 
Re Sc Sh 
kLDF 
( 10 1/s) 
kc 
( 10 m/s) 
RT 
 (s) 
Rex 
 (s) 
Rin 
 (s) 
243 9.53 3.45 0.33 3.61 0.04 0.67 250 0.20 249.80 
312 8.12 3.38 0.40 3.68 0.03 0.58 333.33 0.23 333.10 
 
Figure 4.13 Simulation of water breakthrough curves for runs at total pressures 243 and 312 kPa. 
Operating conditions: Pw = 24 kPa, dp= 0.425-1.18 mm, T=110˚C, u0 = 0.9 cm/s.   is the 
dimensionless time coordinate corrected for displacement(   (  
 
 
)). 
 
4.3.5 Particle Size Effect 
The performance of adsorption can be affected by the particle size of the adsorbents by 
changing the packing density, bed porosity and mass transfer resistance (Simo et al., 2009). 
Experimental runs using particles of sizes 0.425-1.18 and 5 mm were conducted to investigate 
the effect of particle size on water/ethanol adsorption. The remaining operating conditions were 
kept constant at T=100˚C, Ptotal = 243 kPa, u0 = 0.9 cm/s, and Pw = 45 kPa. 
As it can be seen from Figure 4.14 (a), the breakthrough time decreased slightly when 
canola meal with smaller particle size was used for ethanol dehydration. Consequently, the 
amount of produced ethanol (99 wt%) slightly decreased from 3.5 (mol EtOH/kg adsorbent) for 
adsorbent pellets of size 5 mm to 3.4 for particles of size in the range 0.425-1.18 mm (Table 
4.11). Further, the separation factors at breakthrough decreased as the adsorbent with 5 mm 
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particle size was applied. This conforms to the results obtained by Kim et al., (2011); Vareli et 
al., (1998), where it was shown that adsorbents with smaller particle sizes had better separation 
capacity.   
Water uptake at breakthrough was 1.37 (mol/kg adsorbent) for a run using particles of 
size 0.425-1.18mm and 1.49 (mol/kg adsorbent) for 5mm pellets. In the case of ethanol, the 
corresponding values were 1.53 and 1.91 (mol/kg adsorbent). Similarly, a trend of slight increase 
in water/ethanol uptake at equilibrium was observed when the particle size was increased (Table 
4.11). This increase in water/ethanol uptake could be justified by the fact that packing density 
raised from 499.78 to 543.17 kg/m
3
 as the particle size was increased, since through the pellet 
making process canola meal particles are compressed together to prepare pellets with 5mm 
diameter. The increase of the packing density may improve the contact between the adsorbate 
and the adsorbent. The fact that water uptake on 5 mm canola meal pellets was not reduced 
compared to the case of 0.425-1.18mm particles is a positive result towards applying canola meal 
adsorbent in the industrial process for ethanol dehydration.  
 
 Table 4.11. Experimental results of water/ethanol uptake at 100˚C, u0 =0.9 cm/s and different 
particle size. 
Operating condition Equilibrium adsorption 
Adsorption until breakthrough point 
(99%wt Et.) 
Ptotal 
(kPa) 
Pw 
(kPa) 
PEt. 
(kPa) 
dp 
(mm) 
H2O 
uptake* 
EtOH 
uptake* 
α** 
H2O 
uptake* 
EtOH 
uptake* 
α** 
EtOH 
mass*** 
243 45 160 
0.43-
1.18 
2.92 3.38 3.06 1.37 1.53 3.18 3.4 
243 45 160 5 3.38 4.15 2.95 1.49 1.91 2.78 3.5 
*:mol/kg adsorbent; **:separation factor; ***: production of ethanol (over 99 wt%) until breakthrough 
point (mol EtOH/kg adsorbent). 
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Figure 4.14 (a) Ethanol production profiles, (b) Water breakthrough curves. 
Operating conditions: T =100˚C, u0 = 0.9 cm/s, and Pw=45 kPa. 
 
The simulation of water breakthrough curves for runs with different particle sizes is 
represented in Figure 4.15. The correlation coefficient R
2
 for the fitted lines was calculated to be 
0.97 and 0.97 for runs with particle size of 0.425-1.18 and 5 mm, respectively.  
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The slope of water breakthrough curves slightly decreased as the particle size was 
increased which indicates a slight decrease in the mass transfer rate (Figure 4.14 b). This 
decrease of the adsorption rate is due to the fact that the overall mass transfer coefficient kLDF 
decreased with the increasing particle size which caused an increase in the overall mass transfer 
resistance which is inverse proportional to kLDF.   
 The equivalent diameter     of 0.425-1.18 mm canola particles was calculated using 
equation (4.26), in which D was taken to be D(v, 0.5). For the cylindrical pellets,     was 
calculated from equation (4.27), in which D was considered to be 5 mm. The estimated values of 
Rp for both adsorbent types are shown in Table 4.12. The values show that increasing the particle 
size to 5 mm pellets led to a decrease in the estimated values for the external mass transfer 
coefficient, thus the external mass transfer resistance increased significantly. Moreover, the 
internal mass transfer resistance also increased by increasing the adsorbent size. The contribution 
of the internal to the overall mass transfer resistance was much higher than the external one, thus 
the internal mass transfer resistance was again recognized as the mechanism governing the 
adsorption process. Similar results were reported by Simo et al., (2009) where by decreasing the 
particle size of zeolite to a half the overall mass transfer resistance increased up to 5 times.   
 
 Table 4.12. Mass transfer coefficients for runs at 100˚C with different particle size. 
Rp 
(mm) 
Dm 10
6 
(m
2
/s) 
Re Sc Sh 
kLDF 
( 1021/s) 
kc 
( 10 m/s) 
RT  
(s) 
Rex 
 (s) 
Rin 
 (s) 
0.26 10.03 3.34 0.32 3.56 0.13 0.70 769.23 0.33 768.90 
5.73 10.03 41.13 0.32 9.01 0.09 0.16 1111.11 16.51 1094.59 
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Figure 4.15 Simulation of water breakthrough curves for runs at different particles size.  
Operating conditions: Pw = 45 kPa, T=100˚C, u0 = 0.9 cm/s.   is the dimensionless time 
coordinate corrected for displacement(   (  
 
 
)). 
 
4.3.6 Superficial Velocity Effect 
To investigate the effect of superficial velocity on the adsorption performance, both feed 
and gas flow rate were increased up to 1.5 times. As a result, the superficial velocity increased 
from 0.9 to 1.5 cm/s while the other operating conditions remained constant.  
Water breakthrough curves and ethanol production profiles are shown in Figure 4.16. 
From the ethanol production profile in Figure 4.16 (a), it is evident that breakthrough (99 wt% 
EtOH) occurred earlier when the flow rates were increased. Consequently, the amount of 
produced ethanol (99 wt%) was reduced. The ethanol production (99 wt%) was 4 (mol EtOH/kg 
adsorbent) for a run at superficial velocity 0.9 cm/s, while it dropped to 2.7 (mol EtOH/kg 
adsorbent)  at 1.5 cm/s superficial velocity (see Table 4.13). 
Figure 4.16 (b) shows that the breakthrough time decreased from 42 to 31 min and the 
bed saturated faster as the superficial velocity was increased. The results conformed to the ones 
obtained by Wang et al., (2010), where an increase in the vapor superficial velocity led to a 
decrease in concentration of ethanol in the product. In addition, curves became sharper which 
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may be explained by the fact that film mass transfer resistance decreases by increasing flow rate 
(Simo et al., 2009).  
Table 4.13 summarizes the water/ethanol uptake at breakthrough and equilibrium points 
for runs at different superficial velocity. Water uptake of 0.58 and ethanol uptake of 1.16 (mol/kg 
adsorbent) were achieved at breakthrough point for a run at 0.9 cm/s. The corresponding values 
for a run at velocity 1.5 cm/s were 0.495 and 1.15 (mol/kg adsorbent).  
From Table 4.13, at both runs, it can be noticed that separation factors at breakthrough 
are slightly greater than the ones at equilibrium. This is because the extent of increase in the 
ethanol uptake in comparison to the uptake of water is much greater at equilibrium than that at 
breakthrough point. The calculated separation factors at breakthrough and equilibrium were 3.65 
and 3.34 for the run at superficial velocity 0.9 cm/s. The corresponding values for 1.5 cm/s run 
were 3.07 and 2.81.  
 
Table 4.13. Experimental results of water/ethanol uptake for different superficial velocities at 
T=110˚C and Ptotal=243 kPa. 
Operating condition Equilibrium adsorption 
Adsorption until breakthrough point 
(99%wt EtOH) 
u0 
(cm/s) 
Pw 
(kPa) 
PEt. 
(kPa) 
dp 
(mm) 
H2O 
uptake* 
EtOH 
uptake* 
α 
H2O 
uptake* 
EtOH 
uptake* 
α 
EtOH 
mass** 
0.9 24 178 
0.43-
1.18 
1.10 2.52 3.34 0.58 1.16 3.65 4 
1.50 24 178 
0.43-
1.18 
0.94 2.40 2.81 0.49 1.15 3.07 2.7 
*mol/kg adsorbent; **ethanol production (99 wt%) until breakthrough point (mol EtOH/kg adsorbent). 
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Figure 4.16  (a) Ethanol production profiles, (b) Water breakthrough curves.  
Operating conditions: T =110˚C, dp = 0.425-1.18mm, Pw=24 kPa. 
 
The simulation of water breakthrough curves at runs with superficial velocity of 0.9 and 
1.5 cm/s is represented in Figure 4.17. The calculated values as R
2
 were 0.99 and 0.98 for 
velocities 0.9 and 1.5 cm/s, respectively. The values for the parameters in the proposed 
mathematical model were calculated and summarized in Table 4.14. 
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Table 4.14 shows the overall mass transfer coefficient increased by increasing the 
superficial velocity which caused the overall mass transfer resistance to decrease. From the 
calculated values of the mass transfer resistances for both runs, it can be observed that RT ≈ Rin 
  Rex. This means that the contribution of the external mass transfer resistance to the overall one 
is not significant even at elevated flow rates, thus the internal mass transfer resistance governs 
the adsorption process. 
 
Table 4.14. Mass transfer coefficients for different superficial velocities with K=157. 
u0 (cm/s) 
Dm 10
6 
(m
2
/s) 
Re Sc Sh 
kLDF 
( 102 1/s) 
kc 
( 10 m/s) 
RT  
(s) 
Rex 
(s) 
Rin 
 (s) 
0.9 9.53 3.45 0.33 3.61 0.40 0.67 250.00 0.20 249.80 
1.50 9.55 5.80 0.33 4.19 0.43 0.78 232.56 0.17 232.39 
 
Figure 4.17 Simulation of breakthrough curve for runs at u0 of 1.5 and 0.9 cm/s.  
Operating conditions: Pw = 24 kPa, dp= 0.425-1.18 mm, T=110˚C.   is the dimensionless time 
coordinate corrected for displacement(   (  
 
 
)). 
4.4 Equilibrium Adsorption  
Breakthrough runs were carried out and equilibrium data for adsorbable components 
were calculated through the mass balance once the bed reached the equilibrium conditions. As 
mentioned earlier, at equilibrium, the concentration of water in the outlet becomes equal to the 
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one in the feed stream (saturation condition) and also the bed temperature has restored its initial 
value. Indeed, the bed was initially clean and then exposed to the vapor feed. After the bed 
reached equilibrium, the water uptake was calculated as the ratio of the difference between the 
accumulated mass of water in the effluent and total mass of water introduced to the column, and 
the dry net weight of the canola meal in the column.  
4.4.1 Adsorption Isotherm Modeling 
The equilibrium isotherms for water adsorption on canola meal were generated by 
plotting water uptake versus water activity at different temperatures. There are a number of 
models describing water adsorption phenomena including Dubinin-Polanyi (potential theory), 
Brunauer-Emmelt-Teller (BET), Guggenheim-Andrson-de-Boer (GAB) and Frenkel-Halsey-Hill 
(FHH) model (Al-Asheh et al., 2009; Ruthven 1984). The BET model is a two-parameter 
isotherm which covers water activity    from 0 up to 0.3 or 0.4 (Timmermann et al., 2001). 
Considering that the experiments in this work were carried out in a wider range of water activity 
(0.23-0.84), the BET was not used to simulate the experimental data of water adsorption on 
canola meal. However, the rest of the models were used and below follows a description of how 
they were applied. 
The GAB isotherm is a three-parameter model defined based on the same theory as of the 
BET model, but the GAB model covers a wider range of water activity from 0 to 0.9 (Al-Asheh 
et al., 2009; Timmermann et al., 2001). The BET isotherm is applied for multilayer adsorption 
and postulates that sorbate molecules in the second and subsequent layers behave the same as 
saturated liquid. In the BET model, the equilibrium constant for the first layer of adsorbed 
molecules is considered to be different from the subsequent layers due to the fact that sorbent 
molecules in the first layer are in contact with the surface of the adsorbent and other molecules in 
the next layer (Ruthven 1984). The GAB model introduced a second well-differentiated sorption 
stage for the adsorbate which brings an additional degree of freedom and consequently an 
additional parameter, compared to the BET model (Al-Asheh et al., 2009). The GAB equation is: 
  
   ́ ́  
[(   ́  )(  ( ́  ) ́  )]
                                                                                         (4.28) 
where X is the water uptake on the adsorbent (mol H2O/kg adsorbent), Xm is the monolayer 
capacity (mol H2O/kg adsorbent), aw is the water activity,  ́ is the energy constant related to the 
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difference between the chemical of the adsorbate in the upper layers and in the monolayer,  ́ is a 
dimensionless energy constant (Al-Asheh et al., 2009; Zhang and Qiu 2007). The water activity 
aw was calculated by: 
   
  
  
                                                                                                                             (4.29)                         
where    is the partial pressure of water in the feed stream and  
  is the saturation pressure of 
water at the isotherm temperature.    was determined by the Antoine equation: 
       
 
   
                                                                                                          (4.30) 
where A, B, and C are constants. The values of A, B, and C for water vapor are 16.29, 3816.44, 
and 46.13, respectively (Timmermann et al., 2001). 
The GAB model was applied to the experimental data and the results are shown in Figure 
4.18. Non-linear least square regression was applied using MATLAB to evaluate the parameters 
of the GAB model; the results are summarized in Table 4.15. The obtained values for R
2
 being 1 
confirm that the GAB model fits the experimental data very well at all temperatures. In the 
previous section, a linear model was used to fit the water adsorption isotherm which provided 
reasonable fitting with R
2
 being 0.97. That treatment is only for the sake of simplifying the 
model (equation 4.3) so as to achieve an analytical solution (equation 4.11). The GAB model 
here is more complicate than the linear one, however, provided better fitting results.  
Table 4.15 shows that the monolayer capacity Xm slightly decreased as the temperature 
was increased which indicates that water adsorption becomes more difficult and limited at higher 
temperature. This could be due to the fact that water adsorption is exothermic and at higher 
temperature the vibration energy of molecules are elevated which leads to the adsorption of a 
smaller net number of molecules at equilibrium (Okewale et al., 2011). Al-Muhtaseb et al., 
(2004) concluded that the monolayer capacity values obtained for potato, highly amylopectin and 
highly amylose starch powders decreased with an increase in the temperature, which supports the 
results of this work. Parameters  ́ and  ́ was reported to incorporate the temperature effect in the 
work done by Van den Berg (1984). In addition,  ́ is known to be more enthalpic while  ́ is 
entropic in nature (Al-Muhtaseb et al., 2004). 
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Table 4.15. The GAB parameters for water vapor adsorption on canola meal at different temperatures. 
T (˚C) 
Monolayer capacity 
Xm (mol H2O/kg adsorbent) 
Energy constant,  ́ Energy Constant, ́  R2 
100 5.93 1.60 0.59 1 
105 5.91 1.52 0.62 1 
110 2.39 3.76 0.92 1 
 
The FHH model is another equilibrium isotherm used in this work to simulate the 
equilibrium data. The FHH model is described by Gatta and Lee (2007): 
    [     ]
   ⁄
                                                                                                       (4.31)   
where the exponent 1/r is associated with the nature of the gas solid interaction, while the other 
variables are same as above. According to this model, if r is small, the attraction between solid 
and vapor is not very large, thus forces are more of physical type and can act at a greater 
distance. However, when r is very large, the attraction between vapor and solid becomes very 
large which cannot act far from the surface (Al-Asheh et al., 2009). Generally, if    , the 
attraction between vapor and solid is more typically Van der Waals, while values of   greater 
than 3 imply great attraction between vapor and solid (Al-Asheh et al., 2009). 
 Representations of isothermal data for water vapor adsorption on canola meal at different 
temperature using FHH model are shown in Figure 4.18. The FHH model parameters were 
determined using non-linear regression method and are shown in Table 4.16 along with the 
obtained values for R
2
. It can be seen that the FHH model gave a less accurate fit to the 
experimental results compared to the GAB model at 100 and 105˚C. 
 
Table 4.16. Parameter values for the FHH model. 
T(˚C) R Xm (mol H2O/kg adsorbent) R
2 
100 1.49 2.26 0.99 
105 1.09 2.18 0.99 
110 0.99 2.24 1 
 
Table 4.16 shows that the obtained values for r for all temperatures were less than 3. This 
means that the attraction forces between water vapor and solid are consistent with Van der Waals 
forces. Similarly, r was also shown to be smaller than 3 for phillipsite (natural zeolite) in the 
work of (Al-Asheh et al., 2009). 
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Figure 4.18 GAB and FHH isotherms of water adsorption on canola meal at 100, 105, 110˚C. 
Error bars represent the range of the obtained highest and lowest values for each data point. 
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The Dubinin-Polanyi theory proposed a correlation of adsorption equilibria for 
microporous and macroporous materials based on the adsorption potential theory which is used 
to represent adsorption equilibrium data at different temperatures (Chang et al., 2006a; Ruthven 
1984). According to the adsorption potential theory, the adsorption potential is correlated to the 
volume of fluid adsorbed on the adsorbent through a temperature independent relation referred to 
as the characteristic curve (Chang et al., 2006a; Ruthven 1984). The adsorption potential   is 
given by:  
       (
 
  
)       (
 
  
)                                                                                   (4.32)    
where    and  
  are the saturation fugacity and pressure for the liquid sorbate, while   and   are 
referred to the corresponding equilibrium quantities for the adsorbed phase. The characteristic 
curve can be described by the following correlation:  
   ( )   (    (   ⁄ ))                                                                                         (4.33) 
The proposed correlations by Dubinin-Polanyi theory are both function of the adsorption 
characteristic curve (Ruthven 1984). The expression for microporous and macroporous materials 
are described by equations (4.34) and (4.35), respectively (Chang et al., 2006a).  
         
  
 
[    (
  
 
)]
 
                                                                               (4.34) 
         
  
 
[    (   )⁄ ]                                                                             (4.35) 
where q is the water uptake (mol H2O/kg adsorbent),    is the limiting mass for adsorption (mol 
H2O/kg adsorbent) and    is an affinity coefficient characterizing the polarizability of the 
adsorbate. In addition, constants   and    is related to the distribution of pore volume and 
referred to as pore constants for micropore and large pore materials, respectively (Chang et al., 
2006a).  
Equations (4.34) and (4.35) were applied to equilibrium water uptake data at all tested 
temperatures (100, 105, and 110˚C) and the results are shown in Figure 4.19. The parameters for 
the Dubinin-Polanyi model were evaluated by the linear regression method using Microsoft 
Excel 2010. The estimated values for the model parameters are displayed in Table 4.17 along 
with the corresponding values for the correlation coefficient R
2
. 
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Table 4.17. Values of parameters in Dubinin-Polanyi model for equilibrium water adsorption. 
Dubinin-Polanyi Model      
  
 
     
  
 
     R2 
Microporous adsorbent 1.6 6 N/A* 0.89 
Large pore adsorbent 2.1 N/A* 4 0.99 
*Not applicable 
 
As it can be seen from Table 4.17, the R
2
 values of 0.89 and 0.99 were obtained for the 
microporous and large pore adsorbent model, respectively. Dubinin-Polanyi equation (4.37) for 
the macroporous type of adsorbent, gave a better fitting to the experimental results compared to 
equation (4.36), which may indicate that canola meal is a large pore material. This result is 
similar to the result reported by Chang et al., (2006a) where the Dubinin-Polanyi model was used 
to investigate the adsorption capacity of water and ethanol on cornmeal at temperatures from 82 
to 100˚C and reported that cornmeal is a large pore (or nonporous) material. 
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Figure 4.19 (a) Dubinin-Polanyi model for the microporous adsorbent (b) Dubinin-Polanyi model 
for large pore adsorbent. 
 
4.4.2 Heat of Adsorption 
As mentioned earlier, less water uptake was obtained at runs with greater temperatures. 
From the equilibrium isotherms, as a consequence, less heat of adsorption is expected to be 
generated at elevated temperatures. In view of this, it is important to determine the heat of 
70 
 
adsorption. For this purpose, it is necessary to determine the thermodynamic equilibrium 
constant    (or thermodynamic distribution coefficient) at different temperatures. For an 
adsorption process,    can be defined by:  
   
  
  
 
  
  
  
  
                                                                     (4.36)  
where    is the activity of the adsorbed component,    the activity of the component in the feed 
at equilibrium conditions,    the surface concentration of water in mol/kg adsorbent and    the 
concentration of water in the vapor feed under equilibrium conditions (mol/L),    is the activity 
coefficient of adsorbed component and    the activity coefficient of the adsorbate in vapor feed at 
equilibrium. The constant    is determined by plotting   (    ⁄ ) versus    and extrapolating to 
zero   (Khan and Singh 1987). For this reason, the value of      is given by the intersection of 
the vertical axis with the straight line fitted to the points.  
Standard free energy changes ΔG˚ are calculated from: 
                                                                                               (4.37) 
where R is the universal gas constant and   is temperature in Kelvin. The standard enthalpy 
changes     (heat of adsorption) are evaluated from the Van’t Hoff equation: 
     
 
 
 
   
   
 
                                                                                                         (4.38) 
Thus, a plot of      vs. 1/T gives a straight line. Then      was determined by the slope of that 
line and the results are presented in Figure 4.20 (b). The standard entropy changes (   ) were 
calculated using the following equation: 
                                                                                                               (4.39) 
The calculated values for     and     were -32.11 kJ/mol and -44 J/mol*K, respectively. 
Moreover, values of -15.69, -15.49 and -15.25 kJ/mol for     were evaluated in runs at 
temperatures 100, 105 and 110˚C. From this information it is again confirmed that the adsorption 
process is an exothermic phenomena due to the negative values obtained for    . The heat of 
adsorption in the range of 20 – 80 kJ/mol indicates physical adsorption, while a higher value in 
the range of 80 – 400 kJ/mol is expected for a chemical adsorption process (Ruthven 1984). The 
negative values for     indicate that the adsorption process is feasible and spontaneous. 
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Figure 4.20 (a) Plots of   (
  
  
⁄ ) vs   , (b) Plot of     vs   ⁄ . Particle size dp=0.43 -1.18 
mm. 
4.5 Comparison with Other Adsorbents 
A comparison of water uptake by canola meal and other adsorbents is presented in Table 
4.18. It was shown that canola meal has much higher water uptake than other types of cellulosic 
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materials such as wood pulp, but has similar water uptake to that of corn meal. It was also found 
that corn meal has significant ethanol uptake which is higher than that reported in Chang et al., 
(2006b); Lee et al., (1991). Corn meal contains 75% starch (Chang et al., 2006b; Lee et al., 1991) 
and water molecules diffuse into the starch matrix during adsorption which causes starch 
granules to swell (gelatinization). This in turn may decrease adsorption capacity of corn meal 
(Beery and Ladisch 2001). In the regeneration step, some adsorbates are trapped in the starch 
matrix due to the shrinking starch structure. Hence, trapped adsorbates make the desorption 
process longer. As a consequence, this phenomenon increases energy consumption (Kim et al., 
2011; Beery and Ladisch 2001; Westgate and Ladisch 1993b). However, canola meal is mainly 
made of protein and cellulosic components and it was reported that no significant differences 
were observed in the least gelation concentration of canola meal by neither boiling nor roasting 
canola meal (Aider and Barbana 2011). Thus, it is possible to mix canola meal with corn meal to 
make pellets with higher selective water adsorption and lower gelatinization properties compared 
to canola and corn meal, respectively.  
A comparison in equilibrium water/ethanol adsorption between zeolite and canola meal is 
summarized in Table 4.18. It was shown that zeolite has a higher water adsorption than canola 
meal, while its ethanol uptake is lower. The water uptake achieved for zeolite in this work is 
similar to that reported by Simo et al., (2009), however, the ethanol uptake was lower compared 
to this work. Future study is required to further enhance the water uptake and selectivity of 
canola meal.  
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Table 4.18. Experimental results of water/ethanol uptake on different adsorbents.      
Adsorbent T 
(˚C) 
u0 
(cm/s) 
Pw 
(kPa) 
dp 
(mm) 
feed 
Con.
1 
H2O 
uptake
2 
EtOH 
uptake
2 
canola meal (this work) 100 0.9 24 0.43-1.18 95 1.43 3.17 
canola meal (this work) 100 0.9 24 5 95 1.56 3.63 
corn meal (this work) 100 0.9 24 0.43-1.18 95 1.68 2.63 
corn meal (Chang et al., 
2006c) 
100 1.5 14 <0.45 94 1.43 0.35 
zeolite (this work) 100 0.9 34 3 93 9.21 2.21 
zeolite (Simo et al., 
2009) 
100 8.3 23 3 0 9.10 N/A
 
zeolite (Simo et al., 
2009) 
167 8.3 N/A 3 100 N/A 0.03 
(zeolite + canola) (this 
work) 
100 0.9 35 3&5 93 6.72 3.25 
cassava pearl (Kim et al., 
2011) 
90 20.0 N/A 1 95 1.40 0.16 
bleached wood pulp 
(Benson and George 
2005) 
78 0.3 12 N/A 95 0.64 N/A 
1
Feed concentration (wt% EtOH), 
2
equilibrium uptake in (mol/kg adsorbent) 
4.6 Regeneration and Repeatability 
After the adsorption step, the water saturated bed was regenerated. For the regeneration 
step, the temperature of the bed was adjusted at 110˚C, and then the pressure was reduced and 
kept at 25 kPa (-11 psig) with the aid of vacuum. Then, the column was purged by nitrogen gas 
from the bottom at flow rate 756 cm
3
/min until the bed was completely dried and the bed 
temperature resorted. It took around 4.5 hrs for canola meal to dry completely. Furthermore, the 
weight of the canola meal packed in the bed was measured after desorption and compared with 
the initial weight; the difference in weight was about 0.44% which confirms the bed was 
completely dried. Then the regenerated bed was re-used for ethanol dehydration. The repeated 
runs are presented in Figure 4.21 (a) in terms of water breakthrough curves. The temperature 
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profile is shown in Figure 4.21 (b). The repeated run had similar water breakthrough behavior as 
the original one. The canola meal was used for over 32 cycles without deteriorated quality, 
demonstrating that canola meal is stable and reusable in the application for ethanol dehydration.  
Furthermore, CHNS analysis was performed on fresh canola meal and on used canola 
meal (after 32 cycles), and the results are displayed in Table 4.19. 
 
Table 4.19. Experimental results on CHNS analysis of fresh and used canola meal samples. 
Adsorbent N% C% S% H% 
Fresh CM 6.5 48 0.6 6.3 
Used CM* 6.6 47 0.6 6.2 
*canola meal used after 32 cycles  
 
The results demonstrated that the contents of the major elements in canola meal, after 
being used for 32 cycles, are almost the same as the ones of fresh canola meal, indicating that 
canola meal is a stable material for ethanol dehydration.   
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Figure 4.21 (a) Water breakthrough curves, (b) Temperature profiles.  
Operating conditions: T=110˚C, Pw = 24 kPa, u0=0.9 cm/s, dp = 0.425-1.18 mm. 
 
In Section 4.1.2, the functional groups of cellulosic and starchy components were 
observed at FTIR spectrums of canola meal. Due to this observation, the content of carbon and 
hydrogen may indicate the presence of these two groups in canola meal.  Figure 4.22 shows that 
the functional groups of canola meal did not change through the adsorption cycles; FTIR 
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spectrums of canola meal were relatively identical for fresh and used canola meal samples, 
which confirms the stability of canola meal usage as the adsorbent in ethanol dehydration. 
  
 
Figure 4.22 Fourrier transform infrared (FTIR) spectra of fresh and used canola meal. 
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5 CONCLUSIONS AND RECOMENDATIONS 
 
In summary, the lab scale pressure swing adsorption process (PSA) apparatus was 
designed and built to investigate water and ethanol adsorption behaviors on canola meal. Canola 
meal showed a good potential for water adsorption and it can be used for the separation of water-
ethanol mixture. Through experimental runs, it was shown that canola meal was able to break the 
azeotropic point (95.6 wt%) and produce ethanol with concentration over 99 wt% in the effluent.  
The highest ethanol production (ethanol with concentration over 99 wt%) was 4.7 (mol EtOH/kg 
adsorbent), achieved at 100˚C, total pressure of 243 kPa, feed concentration of 95 wt% EtOH, 
and particle size of 0.43-1.118 mm.  
 The water/ethanol adsorption dynamic study, investigated the effects of the pressure, 
temperature, particle size, feed concentration, and the superficial velocity on the water 
breakthrough curves and ethanol production profile. Through the simulation of water 
breakthrough curves, the overall mass transfer coefficient was determined in all experiments. 
Subsequently, the external, internal and overall mass transfer resistances were evaluated and the 
relevant mass transfer mechanisms were identified. The temperature dependency was discovered 
by observing a slight increase in the slope of water breakthrough curves with an increase in 
temperature. Through the simulation it was found that more than 95 % of the total mass transfer 
resistance belongs to the internal resistances. In the case of superficial velocity effect, the slope 
of water breakthrough curves showed a tendency to increase with an increase in the velocity of 
vapor stream which caused the overall mass transfer coefficient to increase and reduce the 
overall mass transfer resistance. Although the contribution of external mass transfer resistance to 
the overall mass transfer resistance increased significantly as the velocity was increased, the 
internal mass transfer resistances still showed the greatest contribution. However, in total 
pressure and pellet size experiments the overall mass transfer coefficient decreased with 
increases in total pressure and pellet size, respectively. The presence of macropore diffusion 
mechanism was identified in the total pressure experiments. Eventually, the internal mass 
transfer resistance was identified to have the most significant contribution to the overall mass 
transfer residences in all cases including the experimental runs at higher velocity. Thus, the 
internal mass transfer resistance was determined as the mechanism governing the adsorption 
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process with respect to the assumption that the intrinsic water adsorption rate is faster than the 
mass transfer rate (external plus internal transport).  
Equilibrium isotherms including Dubinin-Polanyi (potential theory), Guggenheim-
Andrson-de-Boer (GAB) and Frenkel-Halsey-Hill (FHH) were applied to describe the 
equilibrium water adsorption data. The GAB and FHH models were able to reasonably simulate 
the experimental data. From the FHH model results, the values obtained for r were less than 3 in 
all temperatures confirming that the attraction forces between water vapor and solid resemble 
Van der Waals forces which can act at a greater distance. This can explain the mechanism of the 
intrinsic water adsorption, which is the adsorption of water molecules on the surface of the 
adsorbent (mono layer moisture content). Van der Waals forces form weaker bonds in 
comparison to hydrogen bonds which is known as the mechanism of water adsorption in the 
mono-layer on the starchy materials. The Dubinin-Polanyi model for large pore materials 
showed a better fit to the equilibrium data in comparison to Dubinin-Polanyi model for the 
microporous materials confirming that canola meal is a large pore (non-porous) material. 
 By using the Van’t Hoff equation, the heat of adsorption on canola meal with particle 
size of 0.43-1.18 mm was determined to be -32.11 kJ/mol. The result confirmed that the 
adsorption process is an exothermic phenomenon and is of physical type.  
The equilibrium water uptake on canola meal was similar to that reported for starchy and 
cellulosic adsorbents, while the ethanol uptake was higher. At equilibrium, water uptake of 
canola meal was 1.43 mol H2O /kg adsorbent at the feed concentration of about 95 wt% EtOH 
which is comparable to the one obtained by corn meal (1.43 mol H2O /kg adsorbent), and 
cassava pearl (1.43 mol H2O /kg adsorbent), and is higher than bleached wood pulp (0.644 mol 
H2O /kg adsorbent). The saturated bed (canola meal) was successfully regenerated by passing 
nitrogen at 110˚C which is lower than that for molecular sieves commonly used in industry for 
ethanol dehydration plants. The canola meal was re-used for more than 32 cycles without 
deteriorated quality.  
Based on the observed relatively high ethanol uptake on canola meal, additional study 
should be beneficial to improve the selective water adsorption on canola meal by combining this 
bio-adsorbent with other materials. One could perform chemical treatments on canola meal 
before using it for ethanol dehydration processes to create more pores which will result in an 
increase in the surface area of the adsorbent. To obtain better equilibrium isotherm models, one 
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should include the effects of ethanol uptake in the equilibrium isotherms since adsorption of 
ethanol was observed along with water adsorption during the ethanol dehydration process. To be 
able to conduct the adsorption experiments in a wider range of flow rates, one should modify the 
experimental apparatus design accordingly. To investigate the dynamic adsorption of either 
water or ethanol on canola meal, one should apply the online methods to measure the 
concentration of the components in the effluent. 
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APPENDIX A 
 
Chapman and Enskog equation (Poling et al., 2001) was used to evaluate the diffusion 
coefficient (DAB) in binary gas mixtures: 
    
         
 
 
    
 
    
   
                                                                                               (1) 
where  ,   denotes molecular weights of A and B,   is pressure in bar,  is temperature in 
kelvin,     is characteristic length of the intermolecular force law (˚A), and   is diffusion 
collision integral. 
    and     were determined by using equations (2) and (3): 
     [(
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                                                                                     (3) 
where    is the characteristic Lennard-Jones length which is evaluated by equation (Poling et al., 
2001): 
  (
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                                                                                         (4)  
where Vb is the liquid molar volume at the normal boiling point (cm
3
/mol).   and Vb were 
calculated using equations (5) and (6) (Poling et al., 2001):                     
  
          
 
    
                                                                                           (5) 
           
                                                                                                        (6) 
where     is the critical volume (cm
3
/mol),    is normal boiling point (kelvin) at the atmospheric 
pressure, and     is dipole moment in debye. 
    was evaluated by the correlation of Neufield et al. (1972) (Poling et al., 2001) as follows: 
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                                      (7)             
where        T*= KT/ƐAB               A=1.06036         B=0.15610            
      C=0.19300         D=0.47635          E=1.03587 
88 
 
      F=1.52996         G= 1.76474        H=3.89411 
Equation (8) was applied to identify ƐAB/k: 
   
 
 (
  
 
  
 
)                                                                                                                       (8) 
where Ɛ/K was determined by the following equation (Poling et al., 2001): 
 
 
     (       )                                                                                (9) 
Blanc’s law (Poling et al., 2001) was used to determine the diffusion coefficient for a ternary 
mixture as follows: 
    (∑
  
   
 
   
   
)
- 
                                                                                                (10) 
where i is the trace component, and Xj is the mole fraction of component j. Water was considered 
as the trace component in this case. First, binary gas phase diffusivities was calculated according 
to equation (1). Then, the overall diffusivity was evaluated by equation (10). 
  
 
